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DISCLAIMER

Certain commercial equipment and materials are identified in this report to specify adequately
the technical aspects of the reported results. In no case does such identification imply
recommendation or endorsement by theidteti Telecommunications and Information
Administration, nor does it imply that the material or equipment identified is the best available

for this purpose.
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BEST PRACTICES FOR RADIO PROPAGATION MEASUREM ENTS
Chriss HammerschmidRobert T.Johnk, PauM. McKenna® Chris Andersoh

This report describes a set of best practicethfopreparation aneerification of
radiopropagation measuremesystens. We discuss advantages and
disadvantages of various channel soundeescommon components used in
these systemand measurement these components. We then move to system
verification measurements both on the benchtopraedme preliminaryputdoor
propagatiormeasurementd.he appendices discusacertainty analysis, antenna
measurements, and system repeatability and senséivitlysis measurements.

Keywords: measurementsadio propagationradio propagation measurements, radio
propagation measuremesystemyadio propagatiomncertaintiestadio
measurement system performaneeification

1. INTRODUCTION

In June 2010, the National Telecommunications and Information Administration (NTIA), in
collaboration with the Federal Communications Commission (F@&jtaskedo make

500MHz of Federal and nonfedergphectrum available for fixed and mobile wirelessdatband
servicesdy 2020[1]. One way to ehiewe this goal involves instituting spectrum sharing
arrangements between Military Services and commercial wirelessrs§2} prior to
transitioningMilitary Services out of the ban@heDefense Spectrum Organization (DSO) has
been tasked with managing the Advanced Wirelesgi&s(AWS)-3 transition. A key part of

the transitioninvolves developing new propagation models for evaluating +laeeuency (RF)
interference between military RF systems and commercial wireless systems sharing the same
frequency bands.

An essential padf developing improved RF propagation models is conducthsitin

propagation measurements, both to gain insight into the physics of particular propagation
regimes as well as to validate existangdnew propagation models developed in support of
spectrum sharinglt is vital that such propagation measurements be conducted in such a way that
the measurememnésuls are as accurasad repeatablas possible.

Thelnstitute for Telecommunication Sciences$)Thas a long historgf conductingaccurag,
well-regardedpropagation measuremenif§S hasrecentlybeentasked bythe Defense Spectrum
OrganizationDSO) with sharingwith the wider technical communitis institutionalknowledge
of howto bestmeasureand process RF propagation data.

! The authors are witthe Institute for Telecommunication Sciences, National Telecommunications and Information
Administration, U.S. Department of Commerce, Boulder, CO 80305.

2 The author is witlthe Department of Electrical Engineering at the &thiBtates Naval Academinnapolis, MD

21402.



We haveprepared this documeint response to that challenddere, we describbest practices

for the preparation, and performance verification of, RF propagation measurement systems prior
to conducting propagation measuremexttBeld locationsITS has spente last few years

verifying the accuracy of thegontinuous wave@W) channel sounder system. As part of this
verification, we have been working with other agencies who have channel sounders to
understand thancertainty boundg3].

We begin the report by briefly discussi(®ection2) the advantages and disadvantages of
variety of basichannel sounder system architecturél a vector network analyzer (VNAJ2)

a continuousvave(CW) system(3) a full-bandwidth, correlatiofbased systen{4) a direct

pulse system, an@) a sliding correlator systefB3]-[5]. The five soundersonsidered have
common elements; howeverach hasradeoffs that makaet performbetter (or worse) from one
type of propagation environment to the n&¥e provide a table that describes these tite

on a systenby-system basjsand recommensluitable propagation measurement system designs
as a funtion of propagation environment.

Five major sectionfollow. The first(Section3) discussesmstrument warrrup times the

selection oRF connector typesechniqies for, andhe importance gimakingproper
connectionsand the difference between using a VNA versus using a power meter to measure
losseswithin a measurement system

Prior to conducting propagation measuremasags)ponentossesgcharacteristics, a&h

operational bandwidths should be measuféese topics are discussed in Sectio@nce

components of the system are understood, we can begin assemblingditeasysithecking the
characteristics of the system. Important system characteristics are discussed irbSection

Section6 discusses the importance of benchtop system testing and techniques that can be used to
verify simulated reaWorld environmentsThis is an important stegp that we understand

various type®f propagation environments prior to makinesitu, outdoor propagation

measurements. The benchtop measurements can also be used to verify performance between
various channel sounddf}.

Oncea measurementystend s per f or ma n c eonadbenshtopjte perormaree | f i e d
needs to be checkedarealworld environmentSection7 discusseshis topic via an example

of various types opropagatiormeasurements that s performeéh a neighborhood

adjacent to the laborataryhe example shows ha@stingwas performed viaothline-of-sight

(LOS) paths and natine-of-sight (NLOS) path$o give us insights into tygef propagation

channes that might bexpeced.

Appendix Aexplainsvarious uncertainties associated with ad¢gpmeasurement system.

Appendix Bdiscusses antenna measurements both in a general sense and for specific examples
of measurement scenarios. Each scenario can be used to characterize the antenna pattern of an
antenna. Some of these measurements will have increased accuracy, while @yheagen

increased uncertainties associated with tHarAppendix B we discuss antenna measurements

by starting with the best measurement that can be made aing &nth a very generalized
approach that wonoét be as acchimlytAgpendb@t may
provides some further analysis that ITS ertdok to understand the uncertainties associated with
their measurement systammich may be helpful for other researchahte looked at both system



repeatability and a screening measurenttgttallows us tainderstand the dependence of
propagatiormeasuementresuls onvarious input parameters such as antenna heigtiient
roadtraffic patterns, LOS streets versus streets in clutter fiaddsl transmitting power.

® Transmitted signals reflect off physical objects in the environment, including terrain features, buildings, and
vegetation. Such reflectors are collectively called clutter.



2. COMPARISON OF FIVE C HANNEL -SOUNDER ARCHITECTURE S

When a signal is transmitted irdkomearbitraryenvironment, as shown Figurel, the signal
can propagate along a direct patd)to areceiver €.g, a cell phone)it canbe reflected from
structues and terrain features (bluahd it can becattered fronor throughvegetationorange)
Collectively, all of these paths considered together are called the multipath envirdooeaht.
interfering signals and RF noisan further complicate th@tuation by combining witkhe
desiredtransmittedoropagatiorprobesignalinside the receiver

To understandnd characterizthis variety ofpropagation paths, many types of channel
sounders have been developed to measure impulse respbpsgpagabn channed. A
complete discussion of this topic is given in Chapter [Blpfherewe onlycomparedifferent
channel soundearchitecturs.

Figurel. Multipath environment experienced signals propagating betweerransmitter and
receiver.

There are five main channel soundechitecturs:

1) CW, generates a single tone

2) Directpulse generates periodic pukse

3) Frequencydomain(VNA), generates a series of frequencies at discrete steps
4) Correlationbased, generates a fihindwidth pseuderandom nois¢PN) sequence

5) Swepttime delay cross correlatéire., sliding correlatoy, generates PN sequence and
correlates in the analapmain to generate amawband signal at the receiver



Tablel gives a summary of the advantages and disadvantages of each type of channel sounder

Tablel. Advantages and disadvantages of various channel sounders.

Channel Sounder

Type Advantages Disadvantages Best application
1 Mobile 1 Long-rangeoutdoor
1 Simple architecture {1 Does not preserve environments
1 Dopplerspectra ; P v 1 Shortrange indoor
) . multipathtime
1 High dynamic range . . measurements
information
1 In-phase anduadratur€l-Q) . 1 Shortrange
information T Requires accurate indoor/outdoor buildin
CwW Easv toobtaint i knowledge of linkenergy enetration 9
T Easy oobtaintransmi budget for posprocessing P
authority . measurements
L . 1 Requires clear spectrum 1 Coherence time of
T arg((ja p:jqpagatlollj range transmitting frequency channels
T Good aidio sampling rates 9 No rootmean square .
(kHz range) 9 Best Doppler resolution
, (RMS) delay spread .
9 Continuougdatarecord 1 Imaging of local
acquisition scatterers
1 Low dynamic range
1 Prone to jitter and drift
9 Limited propagation rang
1 Widereceiverbandpass T Limi "
; ; o ; imited mobility
Direct Pulse T Slmplearch!tectgre . fllterlng tends taadr_nlt environments
1 Preserves time information undesiredn-band signals e
. , 9 Verification of other
1 Doppler spectra into the receiver Svstems
9 High-speed switch y
required
1 Requires high peato-
average power ratio
1 Very accurateNIST
traceable)
Wi . .
T Wideband , 1 Requiresaphysical
1 Moderate dynamic range .
q Limited tibilit connection between
Imited susceptibiliity transmitting port and
9 Path loss receiving port 9 Shortrange outdoors
Frequency 1 RMS delay spread 9 Indoor measurements

Domain (VNA)

1 Highest resolution of
timing/scattering information

1 Time-gating and
deconvolution to enhance
propagation parameter
extraction

1 Good nterference immunity

1 Low transmitting power

1 Slow acquisition

1 Limited propagation rang

1 No Doppler spectra

1 Limited tostatic channels

1 Some measurements
require trigger connection

9 Verification of other
systems
1 Shieldingmeasurements




Channel Sounder

Type Advantages Disadvantages Best application
9 Low dynamic range
 Mobile { Limited range {1 Shortrange mobile
1 Doppler spectra f Complex and time environments over all
1 Preserves time information consuming post types of terrain
1 Processing gain provides son  processing algorithms 1 Shortrange indoor
— immunity to noise and 1 Requires large measurements
Correlation-based interference measurement bandwidthg { Shortrange
1 Coherence bandwidth 1 Requires higher indoor/outdoor building
1 RMS delay spread equivalentisotropically penetation
1 Path loss radiatedpower (EIRP) measurements
1 Shadowing, fastading and (compared to CW) for a |  Complex nultipath
Rician K-factor given propagation range | environments

1 Largedatafile sizes

9 Limited temporal
resolution

1 Requires large
measurement bandwidthg

1 Requires higher EIRP
(compared to CW) for a
given propagation range

1 Dynamic range depends
on length of PN sequencg

1 Susceptible to strong-in
band interferers

1 Mobile

9 Narrow postprocessing
bandwidth, thus smallefata
file sizes

Sliding Correlator | 1 Preserves time information

9 Processing gain provides son
immunity to noise and
interference

1 Can resolve multipath
components in time

1 Mobile envirooments
1 Multipath environments

Although each of these channel sounders uses a different technique to measure various channel
parameters, tlyesharesome common elements: signal generator, power amplifier, receiver, and
selected components (filters, lavwoise amplifiers, mixers, cables, and antenr@g)er common
parametersra detection algorithms, system noise floor and system dynamic range, @ossibl
electromagnetic interferencempatibility (EMI/EMC) issues, and system uncertaintiesthe

sections that follow we will discuss the measurement and characteristics for each of these
parameters.



3. MEASUREMENT BASICS

Verifying that the measurement systesmoperatingoroperlyand collecting data as expected

prior to deployment aneasuremerbcationsis critically important In this section, we discuss

the importance afisingappropriate connector typdsest practices for usir@pnnectos, and the
difference betweeperformingsystem lossneasurements using a highly accurate vector network
analyzerversusa less accurate power meter. We also discuss measurgragmtwarmup

times andecommendetengths and characteristics of RF cabhdk.of these ifluence the
operation of the measurement system and, ultimately, the accuracycofléwted propagation
data.

3.1 General Remarks

Before beginningnytesting or measurements, it is important to allow adequate-wartime
for stabilization oftomponentsuch as/NAs, power amplifies, andreceiving instrumestion
Most manufacturers suggest at least-bak hour for warrmup. Turning the equipment ori 2
hours prior to any type of measurement activity ensure that all internal componemstabilize
attheir recommended operatitgmperature It is alsoimportant to keep equipment cool when
operating in higher temperaturas this influences the accuracy of the measurement

Cabledfor the transmitting and receiving s&i&f the system should Beptasshort agossible.

For the transmitting side, short cables allow for maxinnadmated transmittesutput power. If

the transmitting antenna is placedamast, it is important to usaw-loss, high phase stability

cables to accommodate the longer cabhgths between the transmitting equipment and the

antenna on the mast. On the receiving side, the noise figure of the receiving system is dominated

by the first component in the system after the antenna, which is typically a cable. This will be
discussedn greater detail isectiord.3Usi ng mi ni mum cabl e | ength be
antenna and its first amplifier will maximize sigratnoise ratio, improving erall

measuremergensitivity.

3.2 Connections

RF cables are used extensively in radio propagation measurements. Most RF cables used in the
field have Type NSubminiature Version ASMA), or 3.5 mm connector$he frequency range
of a measurement largely demines the recommeation of whichconnectoito use

Type N connectors are used for frequencies below 18 Ghtre are two broad categories of N
connectors: ordinary and precision. The ordinary connectors are less expensive than the precision
type and sbuld only be used at frequencies of 1 GHz or less. Precision N connectors can be used
at any frequency up to 18 GHz. The two types are visually distinguished by their inner shields:
ordinary N connectors have an inner shield with a flepetal design comsting of about six

little tongues of duHlooking pressed metal, whereas this shield is a solid piece of shiny,

machined metal in precision N connectdnsgeneral, precision N connectors are recommended

at all frequencies below 18 GHz.



SMA connectorgan be used for frequencies up to 26.5z2G815 mm connectors loakimilar to
SMA connectors and cover the same frequency range, except that the dielectistsaailr of
Teflon®. Air dielectrisreduce cable losses. All of these connectors are used Holans0
impedance environmerfigure2 shows pictures of N and SMA connectors.

N Connector SMA Connector

&)

Figure2. Type N(precision, distinguished by solid inner conductoryl SMA maleRF
connectorsPhoto courtesy of en.wikipedia.org.

It is important to use the appropriate torque wrench to tighten all RF connectors. Using the
appropriate torque wrench wikduce mismatch uncertainties, avoid loose connections, and
improve repeatability. There atgpically two torque values usddr RF connectors, Bi-Ib

(0.90 Nm) and 12 inlb (1.36 Nm). The 8 inlb torqueshould beusedfor connections at RF
input pors onmeasurement instrumenihe 12 in-Ib should beused to tighten all cabl®-cable
connectionswhich can otherwistail due to insufficient torque.

To demonstrate the importance of using a torque wrench, ITS conducted a test using the setup
shownFigure3. This setup was used to measure the return lagsai®l the insertion loss {$
associated with an N female to N female adapter. The test involved haedingithe two
connections to thadapterand measuring:$and $;, thenloosening, and then #t@ghtening the
connection. This procedure was repeated six times. The measured values of the magnjtude of S
versus frequency is shownkigure4. The different curves correspond to the six different
measurements (i.e., hatightening cycles). These results show that the return loss varies by
about 3dB when only hand tightening is used.



Vector Network
Analyzer
S‘I‘I & 821

Port 1 ? (i Port 2

N Female to
N Female adaptor|

Figure3. Test setup used to show comparison between hand tightening and torque wrench
tightening of an N connector

The same test was conducted using a 48 torque wrenclfappropriate for Typé\ cable
connections)The measured;Scurves from those tests are showirigure5. This figure shows
that the variation in return loss is textd to about 0.3 dB when a torque wrench is used. Similar
comparisons are shown kiguresé and7 for S;;. These results show the importance of using a
torque wrench when making connections.
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-22.5

e ———————— e .t
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-24.5
-25
-25.5

-26
3450 3470 3490 3510 3530 3550
Freq (MHz)

s 511_mag_hand-tight-1 $11_mag_hand-tight-2 =====511_mag_hand-tight-3
S511_mag_hand-tight-4 §11_mag_hand-tight-5 ====511_mag_hand-tight-6

Figure4. S;; magnitude variations for repeated haightenedconnections.
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= = =511 _mag_torque-1 =511 _mag_torque-2 S11_mag_torque-3
511_mag_torque-4 === S11_mag_torque-5

Figure5. S1 magnitude variations for repeated torqued connections.

Figure6. S$; magnitude variations for hastjht connections.
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Magnitude (dB)

-0.15
-0.2
-0.25

-0.3
0 500 1000 1500 2000 2500 3000 3500 4000 4500
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== =521 _mag_torque-1

§21_mag_torque-2== - 521_mag_torque-3
$21_mag_torque-4 === S21_mag_torque-5

Figure7. 1 magnitude variations for torqued cowtiens.

Another importantonsiderations to reduce the movement of cables airtbennectas. If one

looks closely abnN-type female connector, one can see that the inner connector is assembled
using a slotted collar. The slots in the connector atfevmale connector (s&gegure8) to

provide a tight RF connection. The slotted design also aktigist movement of the connection

If this movement is too severecan damage the slots on the conned@amagewill increase

the mismatch uncertainties and the losses per connection.

Figure8. Type N female connectaPhoto from Aerial.net website
(https://www.aerial.net/shop/product info.php?products id¥x780

3.3 Accurate Measurement of System Losses

System losses needed for calibration purposes can be measured in one of twusevaygNA
that contains both a source and receiver inside the instruonensignal generatdthe source)
with a power metefthe receiver)Measuring insertion lossesth a VNA is moreaccurateand
usefulbecause it measures both the magnitude aadgoof the received sigraid can account

11
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for mismatches when properly calibratd@dhe power metein contrastmeasures only the
magnitude. VNAs arghowevermoreexpensive (e.g., $150,008 the time publicatiorand
therefore may not be available all researcherand so understanding the difference between
measurements using both methods is impartant

To illustrate the difference between the twstrumentswe performed a set of measurements
using the test configurations showrHigure9. The test involved measuring the insertion loss of

a combination directional coupler, bandpass filter, and 15 meters of coaxial cable using a VNA
(Figure9(a)) versus using power meterKigure9(b)). The results, shown in the figure, indicate
the that VNA measures the loss to be 8.27 dB compared with 8.46 dB using a signal generator
and power meter, difference of only about 0.2 dB for this configuratiés. mentioned

previously the VNA will give he better accuracy and lower uncertainty, however, the difference
in the measurement is small aheé uncertainty of the power meta&n be included in the
uncertainty analysis.

Vector Network Freq: 3300 - 3700 MHz Power
Analyzer Output Power: - 0 dBm Meter
Port 1 9 Port 2 q

Freq: 3500 MHz I

Signal Freq: 3500 MHz
Generator Ampl: 0 dBm

RF Outp

Meter
Head

502 load Directional

Coupler

5001o0ad

50 foot
Fitter cable

50foot
Freq: 3500 MHz Fitter cable

521 @ 3500 MHz: -8.27 dB

(a) (b)

Figure9. Schematic showing how the transmittingesiof the ITSropagation measurement
system was measured with a VNArsusa signal generator/power meter combination.
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4. COMPONENT MEASUREMEN TS

An important part of the test planning process is assembling, testing, and characterizing the
hardware componentkat will be used to conduct the propagation measurements. Fiflaes
11show the ITS channaounder and the equipment layout for the transmitting side and the
receiving side of the systej@]i [8]. The key equipment items that need to be characterized prior
to conducting a propagation test are a) the transmit power amplifier; b) bandpass filters, c)
directional couplers, d) antennasid e) thevector signal analyzer (VSAThe measurement of
each of these components is addressed in Sedtibits4.6. Most of these components are
common to other types of propagation measurement systems.

Power Amplifier

RFIn

Signal Generator Freq: 1767 MHz

Amplitude: -4 dBm

RF Out (4

Back Panel of Signal Generator

Trig Trig Ref 10 MHz
In Out In Out
o O p O

Rubidium Oscillator

-33.67 dBm

Meter

10 MHz
Ref Out
o

Figure10. ITS transmitter equipment configuration used in conducting propagation
measurements.
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Power
Divider

Rubidium Oscillator

Ext Ref
In

VSA Back Panel

IPPS 5 10

Out MHz MHz

o O

0 1PPS Freq
Hz In Adj

(o]

Rubidium Oscillator Back Panel

Spectrum Analyzer

Figurell ITS receiver equipment configuration for measuring RF propagation attenuation.

4.1 Signal GeneratorOutput Power Variability

Since all propagation measurement systems need to generate a carefully controlled, well
calibrated signal, it is important to characterize the variability of the output power of the

measur ement

systembs

iemegtmeedls togoe perdormed usimg.the Jame s

RF frequency or frequencies used during field measurements. A schematic of the system setup
for measuring signal generator output power variability is shovAgiure 12.
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Freq: 1767 MHz
Amplitude: -20 dBm

RF Out (S

50 2 load Directional

Coupler

Out

Power

-23.67 dBm Meter

Power
Meter
Head

Figure1l2 Schematic for signal generator output power testing.

Table2 shows signal genei@a output power level measurements from a test conducted by ITS
prior to one of its propagation measurement campaigns. The output power was recorded over
five days at different times of day. The output power through the directional coupler is given in
column 3 and the power read at the coupled port is shown in column 4. These results show that
the meang) of the 19 measurements in column 328.56 dBm and the standard deviati@hié

0.66 dBm. The reading at 3:24 p.m. on 4/11/2016 was the lowestgaeddhe measurement

period and was lower than the next lowest by about 2.7 dBm. The reason for this anomaly is
unknown, but if it is excludedbecause it is a statistical outli¢he meangd) of 18 readings

is-20.41 dBm and the standard deviation is 0.01 dBm. The standard deviation of the output
power is useth thetotal endto-end error budget, which is discussed\ppendix A We also

monitor this quantity in the field and this analysis helps us understand when the power amplifier
is not behaving as expected.

Table2. Recorded output powers for signal generator.

Power-Output
Date Time (dBm) Coupled Port (dBm)] Temp (deg F)
4/11/2016 12:54 p.m. -20.40 -40.55 -
4/11/2016 3:24 p.m. -23.29 -40.54 -
4/12/2016 7:54 a.m. -20.40 -40.55 -
4/12/2016 8:20 a.m. -20.41 -40.54 -
4/12/2016 1:09 p.m. -20.40 -40.56 -
4/12/2016 3:40 p.m. -20.41 -40.55 --
4/13/2016 7:16 a.m. -20.39 -40.57 --
4/13/2016 10:44 a.m. -20.41 -40.57 --
4/13/2016 12:42 p.m. -20.40 -40.56 --
4/13/2016 3:45 p.m. -20.42 -40.56 --
4/14/2016 7:30 a.m. -20.40 -40.56 83
4/14/2016 8:19 a.m. -20.40 -40.54 83
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Power-Output
Date Time (dBm) Coupled Port (dBm)] Temp (deg F)

4/14/2016 8:48 a.m. -20.40 -40.56 83
4/14/2016 10:36 a.m. -20.41 -40.57 79
4/14/2016 3:15 p.m. -20.42 -40.57 --
4/15/2016 7:20 a.m. -20.41 -40.56 77
4/15/2016 9:08 a.m. -20.41 -40.55 79
4/15/2016 12:23 p.m. -20.42 -40.57 83
4/15/2016 2:55 p.m. -20.40 -40.56 78

€ -20.56 -40.56

G 0.66 0.01

4.2 The Transmit Power Amplifier

Thet r a n s rpowertamplifi2r@A) booss the signapowerbefore it isfed totheantenna. It

is importantto check the power amplifier for linearifgutput power is directly proportional to

input power)andto measuréarmonic signal level® ensure that the transmitted signal energy

is not excessive outside the allowed bdfigurel13 shows the equipment setup used to
characterize the PA. This testing involves feeding either a CW or broadband signal from a signal
generator into the PA and then varying the output power of the signal generator. It is important to
add attenuator® the path so thdhe outpusignalfrom the PA does not exceed the maximum
allowed input poweto the VSA orthe spectrum analyzer (SA). For the ITS test configuration,

the power amplifier maximum output power is about 50 W&s(80 dBm), so a total of 9dB

of attenuations placedin the path between thgower amplifierand the VSA/SA. This resulis

an input power tohe VSA/SA of only -10 dBm, which is within the tolerable range

The results of the linearity testing of three diffiet PAs are shown irigurel4. This figure

shows the PA output power values plotted versus the input power from the signal generator. All
three PAs exhibit linear bavior for input power levels less than abéutiBm. Therefore the

output power of the signal generatoHgure 10 must not exceee?2 dBm when conducting
propagatio measurementgigurel5shows a screen capturerfi@an actual measurement of

PA-1 whose statistics are given in the first rowlalble4. For this amplifier (blue asterisks), the

plot shows linear behavior for an input level betweeand-1 dBm, and no#linear behavior

above-1 dBm. The PA2 exhibits linear behavior frori0dBm to 0 dBm and P& amplifier

exhibits linear behavior betweet0 to-2 dBm. Any input signal level at or belo® dBm

allows the PA to operate in its linear range.
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Signal Generator
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Q Power Amplifier
RF Input RF Output
20 dB, 100 Watt
Attenuator
VSA/Spectrum Analyzer
30dB, 5
Watt 1048, 5
Attenuator Watt

Attenuator 30 dB, 5

NI

Figure13. Equipment setup for power amplifier testing.
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X Power Output from Amplifier 1 * Power Output from Amplifier 2 Power Output from I\mp\ifier 3

Figurel4. Input power (dBm) vs. Output power (Watts) for 3 different power amplifiers.

Table3. System linearity measurements

Signal Generator Output Power (dBm) SA MeasuredPower (dBm) Power (Watts)
-5 -46.3 27
-4 -45.36 33
-3 -44.31 38
-2 -43.7 47.8
-1 -43.32 52.2
0 -43.38 51.5
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In addition to characterizing the linearity of the PA, it is also important to measure the power at
harmonics of the transmit carrier frequenEigure1l5 shows an example of the measured power
levels in the T, 2" and 3” harmonics of a PA.

ALIGNAUTO
Avg Type: Pwr(RMS)

03:20:25 PM Jan 21, 2015
TRACE
T

S0Q  AC SENSE:EXT)
10.501313 kHz
PNO: Close ()
IFGain:Low

Marker 2 A .
Trig: Free Run

Atten: 6 dB - SelectMarker |
AMKr2 10.501 kHz

-45.65 dB

Ref -30.00 dBm

" Span 200.0 kHz

Center 1.7550000 GHz

#Res BW 1.0 kHz #VBW 1.0 kHZ* #Sweep 2.00 s (8000 pts)

Figure15. Power amplifier harmonic measurement. The sebamnchonic is at88 dBm which is
approximately 45 dB below the fundamental. The third harmonic is about 60 dB down from the
fundamental.

Table4. Power amplifier measurements of power contained in harmonics.

Power (dBm) at SAI Power (dBm) at SAI Power (dBm) at SAI
1% harmonic 2" harmonic 3 harmonic
PA-1 (Input Power = 1 dBm) -43.3 -88.9 -103.0
PA-2 (Input Power = 2 dBm) -54.5 -80.2 -78.5
PA-3 (Input Power = 2 dBm) -52.9 -73.9 -81.0

4.3 Receiver Preselector/Preamplifier

A preselector/preamplifier unit at the receiver serves the dual purpose of improving the

sensitivity and dynamic range of the system while reducing measurement system responses to
signals outside the measurement band of interest. Two schematics of dealbelyne

receiving systems with preselectors are showkignre16 [9]. In both of these configurations,

there is an adjustable RF attenuator, followed by a bank of fixed and/or tunable filters, and
finally, low-noise amplifiers. The adjustable attenuator shiksupper and lower bounds of the
dynamic range of the measurerneystem, although instantaneous dynamic range is not
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affected. More attenuation is used in bands where measured signals may overload the
measurement system, and less attenuation is used in bands with weaker signals.

Variable  YIG or Fixed
Filter

Attenuator

ANl

E Noise Diode /\mz\]iﬁs\r 1

Figurel16. Preselector/preamplifier schematics for a broadband spectrum measurement system.

Bandpassilters alsohelpprevent system overloads dgcoupling the receivérom high-power
out-of-bandsignals. Notch filters, lovpass filters, or higipass filters mayéused to reduce
power leveldrom strong signals that may overload the frend amplifiers omtermediate
frequency IF) stages of the measurement system receiver.

Low-noiseamp | i fi ers increase the recei vtetmédls sensit
noise) so that weakly propagating signals are detectable above the overall noise of the receiver.

The first amplifier is intended to overcome RF cable loss; the second amplifier is intended to

increase the signab-noise ratio in the SA. The gaamd compression points of the amplifiers

are chosen so that the SA (or whatever the primary measurement instrument may be) is the first
system component to overload when signals are too strong. Most modern spectrum analyzers can

be queried for overloddia the control software, thus automating the process of discarding bad

data. More detailed analysis of RF receiver system desigie found in referencg0] and

[11]. A simplified analysis is given in the next paragraph.

System noise factor can be calculated with the-iwedwn equatiori12], [13]:

"0 "0 0 i 1
9 o 2P 2P Q0 1)
Q QQ Q" Q"Q
“l'f the SAds i istumedoffthenSA averload typicélly aeaurs in the frequency conversion
(mixer downconverter) stage or thedagmp | i fi cati on st age. I f the SAb6s pream

a point of overload in the SA.
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wheref is the overall noise factor, a dimensionless quarditygl the noise factor and gain for the
n™ component ar&, andg,, respectivelyWe use the convention that lowercéiethe noise
factor and uppercase NF is the noise figure, given by the follosgogtion:

06 prl CQ 2)

As a practical exampléTS hasareceivingsystem to measure the signal aggregate of a large
number of different cell phones oser equipmerJE). The system was designed to measure a
very small input power usinglaigh-gain, lownoiseRF receivingchain Its block diagram is
shown inFigurel7. The RF characteristics of each component are giverifighre.

;; Antenna:

20.5 dBi Gain
Cable Loss:
05dB
Bulkhead Adapter Variable
Feedthrough Attenuator Vector Signal
[\ N | | Analyzer
L I I Cable
. LNA: Loss: .
BP Filter: Gain-37 dB .38 NF: 9.6 dB
IL:0.4dB NF:0.75 dB [ loss:31dg ——*» Attenuator:
1.4dB CP: 10 dBm Loss: 15 4B
Preselector:
G =37-0.4dB
NF=0.75dB

Figurel7. Receiving system block diagrdor Long Term Evolution(LTE) aggregate
measurement.

The first component encountered after the antenna is a cable with a loss of 0.5 dB, the second
component is a bandpass (Bitgr with an insertion loss of 0.4 dB, the third component is the
low-noise amplifier (LNA) with a noise figurdNF) of 0.75 dB and a gain of 37 dB. The fourth
component is a lumped series of losses from a cable and a variable attenuator totaling.~18.4 d
The signal is then received by the vector signal analyzer which has a NF of approximately
9.6dB.

If we used only the vector signal analyzer to receive the signal, then the overall noise figure of
the system would be ~10 dB. This noise figure addset@yistem noise floor which decreases

the receiving system sensitivity. For example, suppose the vector signal analyzer is set up to
measure at a resolution bandwidth of 180 kHz. The system noise floor is given by the following
equation:

0 qayY 6 (3
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whereki s Bol t z man n 8 $0%°d/K)/Tssts the dysten hais8 Bmperature (taken to
be290K), andB is the bandwidth used to measure the signal(s). For this example, we Il use
=180 kHz. The systenoise floor of this receiver configuration-s21.4 dBm. The calculations
are broken down iffable5.

Table5. Noise figure calculations foystem shown ifrigurel7.

Cable +
Cable + Variable
Component data Filter LNA Attenuator Receiver
Gain (dB) -0.9 37 -18.4 -9.6
NF (dB) 0.9 0.75 184 9.6
Linear values (=1(°3" ®V10)
Gain (linear) 0.81 5011.87 0.01 0.11
f (linear) 1.23 1.19 69.18 9.12
Cascaded Gains
Gain (linear) 0.81 4073.80 58.88 6.46
Noise factor by term 1.23 0.23 0.02 0.14
Cascaded noise factor andoise figure
f 1.62 1.48
Total NF (dB) 2.09 1.70
Total NF (dB) 2.09 All components
Total NF (dB) 1.70 For cable, filter, and LNA

The NF for all components in the chain is 2.09 dB, and for only the first three components is
1.70 dB. This is much less than the 9.6 dB NF of the VSA, which increases dynamic range. This
is shown inFigure18. The blue line with triangles is the system noise flodk/B) of the VSA
assuming NF = 0 dB. When we inclutlie NF of the VSA then we obtain the result shown by

the red line. Adding a pselector before the measurement instrument reduces the overall system
noise floor to just above the noise floor of the VSA with a NF equal to 0 dB. The cable,
attenuator, and VSA placed after the preselector only add a few tenths of a dB to the overall NF
of the cable and preselector.

Placement of components in a preselector is very important. If the variable attenuator is placed
before the filter and LNA and inseit5 dB of attenuation to control overloads, then the overall
NF of the system increases .2 dB, which defeats the purpose of the preselector.

The cable between the antenna and the preselector should be as short as possible and have the
lowest possible loss characteristic, so that its contribution to the noise figure is kept small.
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Figure18. Carrier RSL and system noise floor (KTB) for different component configurations.

If we needto calculate the carrigp-noise ratio for a given configuration, then we must
determine system noise temperature. For a system \pitsalector similar to that shown in
Figurel7, the system noise temperature is a cascade of the noise temperature for each
component in the chain, including the amte noise temperature. The antenna noise temperature
changes as the antenna is pointed toward the ground versus the sky. The equivalent noise
temperature for each componenfiable5 can be calculated based on the following equation:

Y € YEQp 4)

whereT, is the physical temperature of th& ebmponent andfis the noise factor as discussed
previously. The physical temperature for most components is usually taken to be ambient
temperature, 290 K. For this system, the system noise tempeiflatusegiven by the following
equation:

Y opwl Co 0Q o 00 o o o o8B ®)

Alllowercasetb s ar e ef f ec twattsand lowengasgd satairre sgainns i n
The variable definitions are as followsg;:is the temperature of the anteng, is the gain of the
combination of the first cable and filteg; is the temperature of the cable and filtgyg, is the
temperature of the LNAg,is the temperature of the cable(s) and attenuator after the preselector,
andtysa is the temperate of the VSA. The last term converts from watts to dBm. The gain of

the cable and filter attenuates the incoming noise from the antenna and adds its ohmic losses to
the system. This is the reason it is included in both of the leading terms.
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We can also aopute thecarrierto-noise(C/N) ratio at the input to the receividd], [15]. The
received signal level will depend on the gain of the transmitting antenna, the daen of t

receiving antenna, distance between transmitter and receiver, and the signal bandwidth of both
the transmitted signal and the received signal. The cdorioise ratio is given by:

6 nNQQ o _ (6)
5 ®6 6 T 0

wherep; is the transmitted poweg; is the gain of the transmitting antengais the gain of the
receiving antennds is the thermal noise of the receiving systbéms the signal bandwidth of

the receiverh is the sgnal bandwidth of the transmitted sigrals the distance between the
transmitting antenna and receiving antenna,sedhe wavelength of the transmitted frequency.
The equation fo€/N can be written in logarithmic terms:

6 L. L. s (7)
5 0 O O o® ¢ml CQ ¢m |l CQ
ol 1@ Y 6 6 6

The decibel sum d?; andG; is called theequivalent isotropically radiated power (EIRES].
The freespace path loss (FSPIs given by the terms

OYObo® c¢ml CQ ¢l CQ (8)

and the sum dB; andB; is called the ofiuned rejection@TR. We can rewrit¢7) as
O s sy N e oy 2w e 9)
T OOYuOYuu ¢cggyQo O Y o v YY

Let 6s @& bavajartransmitter with an EIRP of O dBm. The distad)degtween the

transmitting and receiving antennas is 2 km and we are transmitting at a frequency iHZz700

The FSPL is calculated to be 103.0 dB. The carrier arrives at the receiveragtivad signal

level (RSL) of1 77.7 dBm. To calculate the system noise for the entire system, we sum up the
noise temperature of each component, including the antenna temperature. If we assume that the
antenna temperature is 290 K, then the system noise tatmeis calculated to bed.20.2 dB. If

B: < B, then then OTR is dominated By and will contain some of the system noise floor in the
measurement bandwidth.Bf =B, then OTR=0 and we are | eft with the
measurement bandwidth.Bf > B, then the transmitted signal bandwidth is limited by the
bandwidth of the receiving system. To achieve optiGidl, the receiving system bandwidth

should be less than or equal to the transmitted signal bandwidth. With all of the above
parameters, we taulate the carrieto-noise ratio at the input to the receiver to be 37.2 dB.

When designing a preselector, it is important to use only enough gain to overcome the losses in
the system. There is a point of diminishing returns. This is illustrateyure 19. The graph

shows that for a given preselector NF, an LNA gain greater than 25 dB results in only a small
increase irC/Nratio.
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C/N as a function of LNA gain and noise figure

-
i _ ]
| L

, / -~

/ ——NF=1.0dB
1 ——NF=15dB

// NF =2.0dB
0

sm=NF = 2.5 dB

/N (dB)

=—NF =3.0dB

NF =3.5dB

LNA Gain (dB)

Figure19. C/Nversus LNA gain.

4.4 Bandpass Filter

As shown in Figure20and21, bandpass filters are used after the PA in the transmitter to limit
the emissions outside of the permitted transmission frequency range and also after the receive
antenna to reduce out of lzhimterference from extraneous signals. It is important to characterize
the following two parameters associated with any bandpass filter:

1) Check the power rating of the bandpass filter in the transmitter and ensure that the power at
the output of the direitnal coupler feeding the bandpass filter does not exceed this value.

2) Measure the insertion loss for each bandpass filter and use these values when calculating the
propagation loss on the transmittesreceiver link.

Figure20 shows the recommended equipment configuration for measurement of the insertion
loss of a bandpass filter. Although other methods are possible (e.g., sweeping a carrier wave
acros$, using a VNA vill result in the most accurate measureméetsause it measures both
magnitude and phas®@/e can see in this example that the insertion loss measured between
1746MHz and 1782 MHz (in the passband) is approximatélyti2+ 0.2 dB. At 1746.8MHz

we see thisthe attenuation for signals outside the passband is approximately 20 dB.
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Figure20. Equipment setup for measuring insertion loss a bandpass filter.

0

Insertion Loss:
-0.42dB
at 1767 MHz
-20 -20.04dB
at 1746.2 MHz
-40 // \\

-60 V

.80 - =——S521mag

Magnitude (dB})

-100

-120

-140

T T T T T T 1
1700 1720 1740 1760 1780 1800 1820 1840
Frequency (MHz)

Figure21l. VNA measurement of a bandpass filter frbib5 to 1780 MHz.
4.5 Directional Couplers

Directional couplers should be used after the power amplifier to monitor the output signal level.
For this reason, the coupler should be adequately rated (e.g., 250 W) for the high input power
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levels associated wigbropagation transmitters. The coupling factor (the amount of energy
coupled to the third port, e.g20 dB) determines the insertion loss of the coupler. The higher the
coupling factor, the lower the insertion loss.

4.6 Antenna Pattern Characterization

It is important toindependentlyneasure theadiation patterns of thentennas used in any
measurement system because the manufactureros
numerical analysis and not necessarily measiedt antennas are measureai ifreefield
environment , ifield[il7fi[@9.ant ennads f ar

Under the typical configuration where the transmit antenna is located on a fixed mas and t
receive antenna is located on the roof of a vehicle, the following measurements should be made:

1) Measure the 3D Hsitu gain pattern of the receive antenna (i.e., pattern measurements should
be made with the antenna on the van in the position it wikk m&en used to make the
measurements in the field).

2) Obtain the gain and 3 dB beamwidth of the transmit antenna.

If any of these parameters are available as specifications, those values can be used; however, it is
preferableo measure these parameters)toetify the specification values, and 2) measure the
modifiedin situ pattern with the antenna mounted on its vehicle.

When making measurements to characterize the antenna gain pattern, those measurements
should be made in the féield of the antennfl7]i [19], which is defined as follows:

Q — (20

whereQis the largest physical linear dimension of the antenna aethotes the RF wavelength.
Additionally, to be in the fafield region,Q must satisfy

Q| ©Oh (11
and

Q1 _8 (12
For example, the middle of the A\W&band is 1767.5 MHz, which corresponds to a wavelength
of 0.17 m, and the largest dimension of the ITS transmitting antenna is 0.6 meters. The
calculated faffield distance is about 4.2 (3.8 feet). This means that any antenna gain
measurements for the ITS transmitting antenna must be made at least 4.2 m from the antenna.

For the antenna on the van, the impinging field produces currents on the outside of the van and

on the antenna and #as important to measure the antenna gain pattern of the antenna and the

van combined so the measured pattern incorporates both antenna and vehicle pattern effects. The
Earthcan also affect the antenna pattern. For low antenna heights, a surface NMvdsealap
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and change the propagation 1§£8]. The referenced report shows that the surface wave impacts
the propagation loss for antenna heights less than 8lerayths, at distances less than 10 m, for
frequencies less than 300 MHz. For frequencies greater than this, antenna heightseshmrkel

than 2 wavelengths above the ground, the effect of the surface wave due to the presence of the
earth is assumed temegligible and the pattern of that antenna should be measured in as close
to a freefield environment as possible.

Some researchers use absorbing material on the ground to emulatéaeddmeeasurement. We
chose to measure the antenna pattern inguground bounce effects to emulate what happens
when the van is driving in the environment and receives signals from the gnodinide
surrounding environment

If an antenna will not be attached to a vehicle, the optimal way to measure the antenna would be
in an anechoic chamber. If an anechoic chamber is not a feasible option, one can measure the
antenna above a surface and place absorber material on the wiewnedhe ground bounce

would occur. Finally, if absorbing material is not available, one can use a vector network
analyzer with a tim&lomain option, measure the antenna pattern at various azimuths and then
use time gating to gate out the ground bouncge®na measurement details are presented in
Appendix B

4.7 Antenna Directionality Considerations

For most propagation measurements, antennas should be omnidaleatibath ends of the link.

Directional antennas may seem desirable because they can provide additional gain in the
propagation measurement systemdébs | ink budget.
difficult in ordinary field conditions. Furtlmnore, verification that directional antennas have

been properly aimed is highly problematic. This is due to three factors. First, proper aiming will
require an accurate direction to true north,
beamwidh. This is not easy to determine atafieldSitth e magnet i ¢ decl inati o
magnetic field must be included in the calculation of true north. The magnetic declination

changes daily and across the United States. This is shdviguire22.

27



nsa
9% % Shuttle Radar Topography... [ Drafts - All Documen its B Suggested Sites = &) Web Slice Gallery »

o, NATIONAL CENTERS FOR . . - Y
@ NOAA ENVIRONMENTAL INFORMATION Historical Magnetic Declination

NOAA > NESDIS = NCEI (formerly NGDC) > Maps >

Privacy Policy|

< o : -
& - 4 g " iy i B: v Opti -
Historical Magnetic Declination { 4 \_Eﬂmap | options
. AR Z #*

Isogonic Lines
~ Positive (ast of north)

v
E

" Negative (west of north)

Ling of zero declination (agonic line)
Modeled Magnetic Poles (Dip Poles) (@
|| Modeleda Historical Track of Poles

159 QUMD 2020

|| Observed Pole Locations O

:)lnje)uva 3!131\1@ Bl TRIET

pol
and the di
called the
loca

QUFM model
+ Years 1900-2020: calculated from the
RF

+ Years 1890-15900: a smooth transition
was imposed between m:

about

* Use the time sli
(1590-2020).

Year: 2016
Click on the ma to highlight a line:

Figure22. Magnetic declination of the earthos
https://maps.ngdc.noaa.gov/viewers/historical_declinaidex.html(accessed 8/24/2018).

Second, when at least one end of a propagation measurement system is moving, there is little
time available to determine tlrection of theazimuthalong whicha directional antenna needs

to be aimedo point exactly athe (moving) other end of the link, and theraim it. Third, a

directional antenna must not simply be aimed in the direction in which maximum propagation
signal is obtained on the link, as this will not necessarily be the true direction to the otbér end
the propagation link. That is, the highest signal power level is not necessarily coincident with the
true direction between the two ends of the liflkis is illustrated in Figure23 and24. In Figure

23, we are using a directal antenna with a highly directional pattern and we want to aim it into
the Martin Acres neighborhood to make measurements. The intended boresight line is shown by
the orange, dotted line. The boresight gain of this antenna is 16 dBgure24, we make a

mistake and actually are a few degrees off from the boresight line and when we make antenna
gain corrections to our antenna, we think we have a gain of 1®&watBn reality, our gain along

the boresight line is less than this value and so our measurement results are incorrect.
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Figure24. Misaligned directional antenna used to make measurement in the Martin Acres

neighborhood.

Failure to properly aim a directional antenna during propagation measurements will result in the
antennaods
dependent variation in propagation factors. Given the seriously compromising nature of this

own

di r e c inthepnopdgatidnyatapasitittwere an azavuth e ar i n
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potential result, and the difficulty of avoiding it, directional antennas are not recommended in
propagation measements.

If higher antenna gain than thed8i or 3-dBi gain found in many omni antennas is desired or
needed in a propagation measurement link, the way to achieve this is to use omnidirectional
antennas with relatively narrow beamwidths in the vertigakdision. Such antennas include
stacked dipole designs, which may easily be found with 8 dBi or more of gain.
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5. SYSTEM MEASUREMENTS

5.1 Detection Algorithms and System Noise Floor

As shown inFigurell, a SA is a key piece of equipment used as a receiver during propagation
measurements. This section discusses fundamental guidelines that should be followed when
operating a SA; however, these same parameters are found immonar f@nother in other types

of receiving systesiso understanding their effects on measurenentgortant for most or all
types of propagation measurement systems.

The first consideration is how to set an appropriate value faegmution bandwidtiRBW)’ of
an SA. The RBW directly affects the noise floor (but not the noise figure) of the instrument :

0 pxtpmni CYéw 0@ (13

Nsysis the system noise floor174 is the dBm value f&Tin a 1 Hz bandwidth, RBW is in units
of hertz, andNF is the noise figure of the instrumeRigure25 shows the CW signal level and
the system noise level based(&B) plotted versus RBW using a peak and RMS average
detection algorithms.

Fower referenced to specturn analyzer input.

0 oo o T R
20 ... CW Sigml
SO b i
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Figure25. RBW vs. RSL for system noise and a CW signal.

These results show that as the RBW decreases, the system noise floor decreases, and the level of
a CW signal does not change (as the theoretical bandwidth of a CW signal is zero hertz). Thus,

® RBW is also called the iatmediate frequency (IF) bandwidth of a SA or other receiver.
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thesignatto-noise ratioSNR) increases at the rate of 10log(RBW)hesRBW is decreased.
These results show thahen viewing a CW signal, the user should set the RBW to as small

a valueas possibleln practice, however, there are two factors that limit how small the RBW
can be. The first factor is the SA sweep timhbich increases linearly with the inverse of the
RBW. Therefore, it is necessary to find a compromise between SNR and acceptable sweep time.
The second factor is the spectral width of the CW signal. Although a theoretically perfect CW
signal has zero bandllth, in practice there will exist nerero phase jitter in the signal

generator. Small amounts of phase instability are essentially the same as frequency idstability
thus no CW signal ever achieves truly zero bandwidth. This, along with propagationlchanne
multipath that causes spectrum spreading and Doppler frequency shifting of the CW signal as
one end of the propagation system moves, will make a received tone which is nominally CW
have, in fact, a nomero bandwidth.

If signals other than CW signals arged to make propagation measurementiangulsed
signals with flat spectra, maximum SNR is achieved when the RBW is equal to the emission
bandwidth of the signal. Wider RBW values will reduce SNR; narrower RBW values will (at
best) leave the optimaNR unchanged.

Figure26illustrates the point that the RBW should not be set smaller than the bandwidth of a
signal. This figure shows the RSL of bandpass Gaussiaelike signal (i.e., has a flat
spectrum) plotted versus RBW when the RBW is 6 kHz or wider. We see that, for the system
under consideration, the SNR remains fixed at its maximum value as long as the RBMZ is 6
or wider. In summary then:

! FornonCWsgnal s, the RBW should be set equal to

1 For CW signals, the RBW should be made as small as possible since the SNR increases with
decreasing RBW; however, a practical limit occurs near 10 kHz.

® For pulsed signals that are peddtected, SNR is reduced at the rate of 10log(RBW) as RBW is reduced
from the optimal value.
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Figure26. RBW vs. RSL for system noise and bdmdited Gaussian noise with a bandwidth of
6 kHz.

The second consideration when operating an SA is the selection of an appropriate detection
algorithm. SA data traces consist of scre&play points called binghe number of data bins

per trace can be as low as about 401 and can be as high as 40,000 or more. But for every single
bin data point that is displayed, the SA itself may have digitizeddreds or thousands of raw
data points. The process by which thetipora of raw samples are converted to a single data
point per displayed screen bin is called detection. Commonly encountered detection options
include: a) sample detection, which selects the first (or last, or middle, etc.) raw point out of
every bin inerval; b)positive peak detection, which locks to the higimsier (maximum

power) raw data point within each bin intervalnepative peak detection, which locks to the
lowestpower raw data point within each bin interval; d) normal detection, whiemates

between positive peak detection and negative peak detection from one bin to the next; and

d) RMS averaging, which computes the root mean square power average value from all of the
raw samples that have been collected during each bin interval.

Figure27 shows examples of the spectrum of a CW signal for four different types of detection
algorithms and the noise floor around that CW signal. The SNR of the sigmajes based on

the detector settings. For a strong CW signal, the measured power value is independent of
detector mode; peak values, sampled values and RMS values all collapse to (nearly) the same
single value.

SAs, however, arpower summinglevices. Th8 means that theumof the power of input
signals and spectrum analyzer internal thermal noise is displayed in every SA data trace. As a

" For analog SAs, the digitizer rate and output is replaced yatb@nd output of independent samples,
which is essentially (1/RBW).
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CW signal power level comes to within about 10 dB of the SA noise floor, the contribution of

t he SAG6s i moise totha tbtal polver bemgrheasured (signal plus internal thermal
noise) becomes significant. This noise contribution makes the (apparent) measured power of the
CW (or any other) signal appear higher than it really is. It also makes the (apparentjetea

power of the signal appear to fluctuate, not because of any fluctuation in the signal, but because
the fluctuating noise in the SA becomes a significant contributor to the overall measured power
level.

Detector settings should be chosen based otypleeof signal that is to be measured. Peak
detection should be used when searching for the maximum value of a received signal. This is
especially true for signals that are highly dynamic in time, e.g., pulsed. Peak detection is
typically used, for exampl when measuring radar signals. RMS detection is normally used if
the objective is to evaluate the mean value of a signal over time. Sample detection is typically
chosen when there is a desire to reflect the variability of a received signal. Systefioasse

are typically measured using either RMS detection or sample detection.

A note of caution about using RMS average detection: The computed RMS average that is

displayed in a SA data trace is no better than the number of raw samples that were é&meraged

each displayed SA trace bin. SA data traces need to be swept slowly enough in time to allow a
statistically significant number of raw samples to be included in each disiplasalue.

Ot herwise, the fAaverageo Vv aloftaeesmgingusafenwgaare di sp
even a single, raw data value. Il n which case
different from a sampleetected value. In order to obtain something close to a true RMS

average, the time per displayed traae $liould be at least as long as ten times the value of

(1/RBW), and preferably more like 100 times (1/RBW).
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Measured CW Signal Using Various Detectors
Calculated SysNoise: -104
RBW = 100 (kHz), Sweep Time = 0.3 (sec), Input Pwr =-70 dBm
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Figure27. Measured CW signal showing the effect of various detection algorithms for a system
noise floor of-104 dBm.

5.2 System Noise Floor Measurement

This section addresses how to determine the system noise floor of the propagation measurement
system and the associated uncertainties as the signal level approaches the system noise floor. As
discussed in Sectidh 1, the noise floor level is one of two key parameters that define the

dynamic range of a receiver. The dynamic range of the measurement receiver, in turn, needs to
be properly matched to the propagation testing. We can simulate path loss at varioussdigtance
inserting a variable attenuator into the system. We then observe the received power of our system
as we vary the attenuator settings with a signal generator output signal level eqiahtoA

schematic of the test setup used by ITS to measuretbe floor of its propagation

measurement system is showrfFigure28. We use a laboratorgrade vector signal analyzer

(VSA) in our measurement system. This systemesponds to the e+id-end system defined by

the transmitter and receiver components shown in Figuiiraad11 without the power

amplifier.
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Figure28. ITS measurement system testing with a variable attenuator.

To quantify the dynamic range of our system we increase the attenuation awve thser

received signal level as we approach the system noise floor. The test procedure is as follows: Set
the variable attenuator to 0 dB (which simulates no path loss), measure the received CW signal
level for approximately 2 minutes using the VSA. Set\uhriable attenuator to 20 dB (which
simulates a fregpace path loss of 20 dB), measured the received signal level for approximately

2 minutes using the VSA. We continue this procedure down to a variable attenuator setting of

110 dB which is the limit ofhe variable attenuator.

The results of the testing at attenuator settings of 20 dB, 50 dB, 70 dB, 90 dB, and 110 dB, are
shown inFigure29. The graph shows theaaved signal level as a function of time. The top

trace is the received signal level when the variable attenuator was set to 20 dB. Notice that the
power level of this signal is not 20 dB. That is because the system losses for the measurement
system areraund 17 dB, which accounts for this offset. As the received signal level approaches
the system noise floor, the signal level becomes more uncertain because of the contribution of

the VSAO6s internal noi

s e

t o

t h eloss appraatchesme as ur e

110dB, we see that we are approaching the noise floor of the VSA. The noise floor of the

receive system is measured either by removing the variable attenuator and connegtiogdsO

at the ends of the cables (if the signal generatoaireston) or by turning the signal generator off

and connecting a 5 load to the end of the receive cable attached to the left side of the filter in
the diagram. If measurements are being made in the field, then the transmitter is turned off and a
50q load is connected to the antenna cable input to the receiver.
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Figure29. VSA measurement results for the ITS system as a function of attenuation.

The graph irFigure30 shows the average received power for all measured points in a measured
two-minute record as a function of the variable attenuator setting. ITS plots these points to show
the linearity of thesystem and the system noise floor. The system linearity is given by the
eqguation shown next to the measured pointEidare30(a), we include all variable attenuati
settings down t® 110 dB, excluding the system noise floor. The slope of the equation used to fit
the data is very close to one. Thétercept i 17.7 dB, which is the system loss that we
measuredrigure30(b) shows the linearity fit when the system noise floor is included. The
equation now shows aigtercept ofi 23.2 dB and the slope is less than one, so this fit is biased
by the system noise floor measuremditie mean system noise floor of the VSA system is
approximatelyi 129 dBm as showim Figure29. It is important to know what the signal noise

floor of any system iscsthat we know the sign#éb-noise ratio foma measurement.
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Figure30. VSA measurement results for the ITS system as a function of attenuation both with
and without the noise floor points.

5.3 System Dynamic Range

When conducting ppmagation measurements it is important that the dynamic range of the
measurement systelpe matched to the types of measurements that need to be made. The

dynamic range of a receiver is the difference
saturation power or overload point) and the minimum measurable power level (approximately
equal to, or a l|little |l ess than, the systemods

signals must be within these boundaries.

Figure3lillustrates the concept of dynamic range and its relationship to the noise floor and
saturation level of a receiver. The left side of the figure shows a generic receiver with an input

signal power level equal t8;. The receiver, which may be a spectrum analyzer or some other

power measurement device, computes the power of the signal at its input, which is denoted by

Pmeas When the input signal is below the receiver noise floor, thesuned signal level does not

vary linearly with the input power level; if the input signal is more than 10 dB below the
receiveros noise floor, it is nearly unmeasur
the saturation power of the receivéren the measured signal power varies-lvogarly with

input power. If the receiver is driven into total saturation, the measured signal power will
become fixed at the receiverds maxi mum overl o
device (i.e., theeceiver) to measure the signal linearly, the received signal level must fall

betweerPm,i» andPmax TO ensure system linearity the received power should technically be

between abou®nin+10 dB andPmax1 10 dB.

When making propagation measurements, ietsessary to estimate the minimum and maximum
expected propagation lossés,, andLmax anticipated to occur during testing and to make sure
that the values dPmin, Pmax and theEIRP of the test transmitter are sufficient to measure
propagation loss vaéis that span the range defined .y, andLmax. The values off yin andLmax
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that can be measured by a given propagation measurement system deRpg@bgPn.x are
given by the following two equations:

Oj g7 OOYUO 0 ¢h (19
O ag OOYUO G 48 (15)
Noise floor
P Saturation

meas J

Pmeas

Receiver

I:.mln P
max PI‘
‘“«—»
Dynamic Range

Figure3L1. lllustration showing the dynamic range of a receiver and its relationship to the noise
floor and saturation power.

Figure32 shows the system dynamic range of two different types of receivers, an SA (blue trace)
and a VSA (red trace).The SA has a system noise floor of approxima@dydBm for an RBW

of 3 kHz, shown in the upper graph. The system noise floor of the VSA is approximEdely

dBm as shown in the upper graph, émel VSAhas a limiting upper range o#2 dBm as shown

in the lower graph. The dynamic range of the VSA is approximately 88 dBm. The SA dynamic
range is limited by its system noise floor, Baboth instrumentsre currently configuredhe

SA measurshigher received signal levetisan the V&. The VSA upper limit could be

increasedy changing the sensitivity range, however this only affects measurements near the
transmitting antenna or distandess than-100 m.

39



95 T T T T T

-100 - ‘
-105 |- |
- Systermn Noise Floor —

10 1

15| :::N‘M:‘ 4

A20F | J Il ‘.me »*M - Portable SA

sl _.r_._’!. Wﬂfjj 1“[ ‘&L r ......................
|J.H,; h."J‘r »‘Il‘rl

'rl ” ‘ A ‘“1 '! Ju.ﬂ M—L J ---------------------
180 T T el = ~ System Noise Floor —

135 : : ‘ Lab-grade VSA

-500 0 500 1000 1500 2000 2500
Time (sec)

_—
=
1 1 1

Received Power (dBm)

-20 T T T T T T T

-120 - .

Maximum

Dynamic Range- VSA

Recelved Power (dBm)
)

140 1 1 ] ] 1 ] I 1
1500 1550 1600 1650 1700 175 1800 1850 1900 1850 2000
Time{sec)

Figure32. Dynamic range for an SA (blue ¢t anda VSA (red trace).

5.4EMI/EMC Problems

EMI and EMC issues can occur due to the radiating fields from computers, unshielded
equipment, or any piece of equipment where the integrity of the shield has been compromised.
Radiating fields can induce unintendadrents on wires or circuit boards in pieces of equipment
and can cause extraneous signals. These are some of the most difficult problems to both identify
and correct. EMI/EMC issues typically arise when different pieces of equipment are placed in
close poximity one to another. If unexplained signals are observed, ITS recommends either
inserting metal sheets or RF absorbing material (such as absorbing material used in anechoic
chambers) between the equipment to isolate the different pieces and helpragetenioh pieces

of equipment are interfering with one another.

EMI can also be caused by common electromagnetic propagation modesidedin the

outside of RF cables and che introduced ontequipment that is not well grounded. One

remedy for thiss to place inductors on the outside of the cable, which will dampen the fields as
they move along the cable.

Ground loops, which are caused when equipment is not connected to the same ground, are
another EMI issue. One technique to minimize these growms lis to place computers on one
circuit and all other equipment on another circuit. Some pieces of equipment have grounding
cables and these should be tied to the equipment chassis.
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Power supplies and power generators can also be a significant souhdk p&Hicularly if the

wiring is electrically long relative to the frequency being measuredalfgnating currenfAC)

power, generators and extension cords are typically utilized for field measurements when utility
power is not available. Automobileverters are another choice to power instruments installed in
a vehicle. Unless specifically designed for the purpose, however, these devices can produce
significant voltage spikes and surges in response to step changes in load (e.g., an air conditioning
unit cycling on and off). In addition, long extension cords can easily couple in strong low
frequency electromagnetic energy (eagnplitude modulatiofAM) radio) that can disrupt
measurements of weak or sensitive signals. For this reason, ITS reconutilenidg an
uninterruptable power supp{PS), preferably with EMI filtering and sine wave output, placed
as close as possible to the instruments being powered. Ideally, transient loads should be
connected to a separate source of péwaither a separatgenerator or secondary alternator in a
vehicle.

A vivid example of common mode, radiation, and ground loops was demonstrated in the
laboratory. We combined a CW signal and a PN sequence signal into a power amplifier. The
receiving equipment was in closeogimity to the power amplifier and the two systems were on
different ground circuits. We were injecting the power amplifier with high signal levels. The
resultant waveform as measured by a VSA is shovwiguare33.

The PN sequence signal is shown in the center of the graph. The transmitting CW signal is
shown on the right side of the graph, and tfeha@rmonic of the CW signal is shown on the left
side of the graph.
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Figure33. EMI problem$ two signals through power amplifier.
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We moved the power amplifier to a Faraday d2@¢ and made sure the sgsts were on the
same ground. The result is showrFigure 34.
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Figure34. EMI problem$ power amplifier in Faraday cage, and common grouradiiti

The power amplifier without the Faraday cage was allowing common modes to flow on the
cables and also radiate into the environment which resulted in the spectral regrowth on both
signals and the raised noise floor. This clearly demonstrates thbintogitwo signals into a

single power amplifier can be hazardous to the measurement and is why we fully test systems
before deploying them into the field.

Back in Sectiort.2, we tested the CW signal through the power amplifier and saw that there was
no spectral regrowth and that the harmonics were at acceptable levels. Once we combined the
two high power signals into the power amplifier, the power amplifier setliesnd added nen

linear effects to the desired signals.

Similar EMI effects can be experienced with electrically Idivgct current (DEpower leads.

DC power leads should be twistpdir, with suitable bypass capacitors installed as close to the
terminds of the device being powered as possible. Improperly shielded control cables, such as
those carrying R&32 or other singkended signals, can also radiate and disrupt measurements
of sensitive signals.

Electronic circuit boards are another prime sowfdeMI. Many inhouse constructed

measurement systems may make use of cudEsigned and built electronic circuit boards for a
variety of functions (signal generation, instrument control, signal distribution, etc.). These

boards, even if procured commexity, may not meet the most rigorous EMI/EMC requirements

for use in sensitive instrumentation. Researchers at ITS have observed that many of these boards
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can radiate energy significant enough to disrupt-tiveair signals in a variety of frequency
bands Thus, additional shielding or dedicated metal enclosures are highly recommended.

Cell phones and Wi hotspots are another source of EMI. Many measurement campaigns are
carried out in remote locations where cellular signals may be weak or nonexistaresult,

these devices will generate highmwer transmissions to overcome the severe path loss. If the
sources of these signals are close to the measurement system, they can easily couple into the
measurement system, overwhelming shielding and fittesggned to block them. ITS

recommends establishing and maintaining a minimum saéfritistance between cell phones,
Wi-Fi (IEEE 802.11x standard) access points and hotspots, and the measurement system.

Most EMI problems appear as extra, unwanted sigmaén bench testing a system. They can

also be seen as a greater than expected noise floor, or as unknown signals that wander through
the current spectrum span. Also, signals that appear and disappear when moving cables, or
components are signs of eitheéoken equipment or radiation that is getting into the system.
Ground loops appear as shifting signal levels in the system level.
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6. BENCHTOP TESTING

Having an indepth understanding of a measurement system is imperative to making good
propagation measuremenltsthe systenhas beenvell-characterizedn a laboratorybenchtop
prior to deploymentthenmeasurement personnel can more quickly and effectively identify
system failures at field locationEhe purpose of performing propagation simulations on the
benchtop is to understand a propagation channel in a conducted environment before adding
antennas to the systeBuring benchtop testingneasurements are performed on the
characteristics of, andhriations in RF connections, system losses and gaetsved signals

for various instrument settings, the system noise floor, and the system dynami®cssgyae
EMI/EMC issueghat may be encountered in the field need to be anticipated in this phase of
work. Useof afading simulatois recommended in thisork phaseto examine the

measur ement sy s tvarodssadipgenvifoomemsathatcmay be eancountered in
the field Endto-end testing of the measuremegstemis recommendedncludingits data
collection anddataprocessing algorithms.

6.1Link Budget

Benchtop testinglsoallows us to understartte details of a measuremesystem and thdata
postprocessing algorithms used to calculatelthsic transmission loss/ggiBTL/BTG) of the
propagation channel as depictedrigure35. The propagation channeltise pathbetween the

output of the transmitting antenna and the input of the receiving antenna. To accurately measure
the propagation channel, we hawvaunderstand the losses and contributions from each of the
componentsThis is why we took great care in measuring each component and the assembled
system irthe previous sectiongVe use these valuestime following equation

YOO O O O "O 0 h (16)

whereBTL s the basic transmission loss in dBjs the received power in dBrR; is the
transmitted power in dBn@; (dBi) andL; (dB) are the transmitting antenna gain and losses on
the transmitting side of the system, respectively; Gn@Bi) andL, (dB) are the receiving
antenna gain and losses on the receiving side of the system, respesiita/multiplied by
minus one t@btainBTG.
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P, — Transmitted power
L. — Transmission line loss
G; — Transmit antenna gain
P, — Transmitted power

L, — Transmission line loss
G, — Transmit antenna gain

Figure35. Link budget parameters.

In Section6.2, weintroduce a single power level into the systersitoulate a simple

propagation losmeasuremertb understand the data processing algorittandfo make sure

the measuredomponentosses andhetransmiting power levelaused in the link budget have

been accounted for correctiy Section6.3, we simulatevarious types of fading channetgo

the system and look at the variability of the received power, and the statistics of these well
known channelsBy simulating these environments on the benchtop, will ensure that the system
will operate correctly for the isitu, radiated measurements perfediin reaiworld
environmentgseeSection?.)

6.2 Benchtop Testingi Single Power Level

When antennas are added to the system and the propagation channel is am énth@or or
outdoor environment, the propagation channel becomes highly variable. For this reason, it is
useful to begin with simple benchtop measuremewmtiout antennas and the power amplifier,
and then add more complexity the system on the benphor to conducting outdoor
measurementgith the entire system

To begin our system testing, we return to Seddi@nhwhere we inserted a variable attenuator

into the system. The variable attenuator simulates a simple propagation channel. Since the test
configuration inFigure35 does not include antennas, the link equation that corresponds to this

test setup is the same as that showd @) but with the transmitting and receiving antenna gains

set to O dBi. Our goal i s vdriabilityroy measuningthee he meas
receivedsignalpower at the VSA as a function of time. Since pthgpagatiorchannel
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(attenuatoryoes not include any tirearying behavior in this test, any timariability is due to
the measurement system itself.

The testransmitsa CW signal usingeverakttenuator settingdVe choose attenuator settings to
look at the dynamic range of the systeThese attenuator settings could be something like 0 dB,
45 dB, and 90 dB. We then recdhe received signal power for 120 secorkis. these tests, we
typically transmit goower, P;, equal tod dBm.In Figure36, the repeatability of the received

signal power ishownfor a 20 dB attenuator setting and a 90 dB attenuator setting. The system
losses are approximately 15IB for this test. The mean value for theai®ed powel(P;) for the

top trace ig 35.6 dBm with a standard deviation of 0.01 dBm, and the mean value for the
received power for the bottom traced 805.4 dBm with a standard deviation of 0.12 dBime
uncertainty for the measurement is greatethesignal approaches the system noise f(see
Section5.2) Using (16), wecan compute thpropagation channébss(i.e., the attenuator) using
the system losse&;(+ L, = 15 dB), the transmitted powd?;(= 0 dBm), and the antenna gains

(G; =G = 0 dBi). For the first attenuator setting, we calculate a channel loss ofR2@u&ddor

the second attenuator setting we calculate a channel 189s831dB. The attenuator has about

0.5 dB of loss in itself, so we see that the difference between the measured and actual value of
the attenuator setting is between 0.2 andl@.4This is the first test showing that our data
processing algorithms and measured system lossegiagcorrecty applied
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Figure36. Received signal power in dB for a simulated 20 dB path loss and 90 dB path loss.

6.3 Benchtop Testingi Simulated Fading Environments

The actual mobile channel can exhibit a high degree of variability. Therefore, it is important to
understand theobilechannel and how the data is going to be processed in the laboratory before
conducting the actual measorents in anndoor oroutdoor environment.
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ITS uses the buiin fading smulator in asignal generair to simulate Rayleigh and Rari

fading channels as would be seen in the outdoor environfk&sdyleigh fading channel is

found inanonline-of-sight(NLOS) condition where signals are converging on the receiver from
all directions In this type of channel there is no direct propagation path between the transmitting
and receiving antenng4)]. A Rician fading channel is indicative of a channel where there is a
direct signal component from the source and indirect signal components from the surrounding
environment. The fading simulator allows one to charmg®usparameters for Rayleigénd

Rician fading channelgine can change the vehicle speed, the amount of the direct component
present in a Rician channeaind whether the Doppler shift is-spifted, downsshifted, or in the
center of the fading distribution. Wean also change the variable attenuator to simulate various
amounts of path loss in these types of signal environments.

A time-domain measuremenft a Rayleigh fading channpl], [7], [8], is shown inFigure37.

The top plot is the linear signal envelope (blue trace), averaged owamnil sliding window

average (red trace). The bottom plot is the signal envelope using a dB\&tale the large

signal excursions in the bottom plot. These excursions can easily be 30 to 40 dB. These are deep
signal fades due to multipath found in Ragtefading environments.
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Figure37. Simulated Rayleigh fading channel measured with a VSA. Théafdisig data (blue
trace) and the sloMiading datared trace) calculated using adcond moving average.

To understand a measurRdyleigh fading channel,excanbegin by looking at thprobability
distribution function(PDF) for the channel to ensure that theasuredhannel exhibits
Rayleigh characteristic¥he fading simulator was set up to generate a Rayfeijhg channel
with a vehicle speed of 8.9 meters per second (@0shiles per hour (mph)The PDF is
obtained by normalizing the faftding datgblue trace)y the slowfading datgred tracepnd
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binning the data tdisplaythe PDFdistribution Normalization is the process of dividing the
fastfading data by the sloiading data in the linear domain. The normalized-fading data
and the PDF are shownkiigure38. The measured data does exhibit a RayHigh
distribution.
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Figure38. Normalized Rayleigh fading channel and the PDF for the simulated channel.

The Doppler frequency is another measured parameter that can be wvsely the validity of
the simulated measured signal. The Doppler frequency is calculated from the following equation:

Q "Q-AT-O (17)

wherefy is the Doppler frequency is the carrier frequencyg,is the speed in meters per sed
(m/s),cis the speed of light in m/s, adds the angle between the source and the receiver. For
this simulated measuremedtis set to zerag is 8.94 m/s, anfl is 430 MHz. This gives us a
Doppler frequency of 12.8z. The power spectrum for the Rayleigh channéligure38is

shown inFigure39. We can see that the dominant peak is located at the maximum Doppler
frequency of 12.8 Hz and there are several other components between 0 and 12.8 Hz. These
components are due to the received signals arriving from different direetioich is indcative

of propagation in a Rayleigh fading channel.
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Figure39. Simulated power spectrum for a Rayleigh channel.

During this phase of the testing, we would also simulate a Riai@ing channel and process the
data to understand the statistics of the channel and our dafarposssing algorithm§1], [8].
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7.IN-SITU (RADIATED SIGNAL ) SYSTEM TESTING

After benchtop testing, the entire measurement system, includipgwes amplifier andhe
transmitting and receiving antennabouldbe assembled in an area where dherair testing
can be performeckither in an indoor environment or an outdoor environnemtto-end
testing should include the following:

1 Check transmit signal for prep spectral characteristics and power levels.

1 Perform an initial sanity check by transmitting and receiving over sofisgght path where
free-space loss conditiorexist Check that the measurement syspgoperlycalculates free
spacepathloss.

1 Checkthat all software scripts and re&he displays are working properly.

1 If measurement equipment is installed in a vehicle, check for EMI/EMC problems as
described in Sectiob.4. The vehicle will provide some shielding from the outside
environment; however, it also allows reverberant fi@ldg grounding problents exist, so
making sure that EMI problems are revisited is important.

The routes driven in this sectiane in the middle of a residential neighborhood with mostly one
story homes and large, mature tregignal propagation depends on the environments
surrounding the receiving and transmitting antennas. For these measurements, the transmitting
antenna is plced on the roof of the laboratory in a figgace environment. The receiving

antenna will be placed in two different environmeM¢g will show a measurement and the
analysis of both a Rayleigfading environment (NLOS) and a Rictéading environment

(LOS).

7.1NLOS Drive Routet Rayleigh Fading

Analyzing data from a reatorld measurement can tell us a lot about signal propagation. In this
data set, we can analyze areas along the drive route that exhibited a Riaglgigrenvironment
and a place where higignal levels existed due to the presence of a \gaiding street.

Figure40 shows the location of the transmitter atopl#i®ratory buildingred plus sign) and

the analyzed drive path for a NLOS path as shown by the bludheefirst thing we notice in
Figure4l, at about 702 seconds, is a rise in the signal level. Thimrssgnal level corresponds

to a street (shown by the yellow arrow) that provides a wanging channel for the transmitted
signal, even though the rest of the drive route is in an area where there are many houses and
trees.

The linear signal enveloperfthis drive path is showin the top graph ifrigure41 and the dB
signal envelope is shown the bottom plot. Most of the drive path exhibits lasggnal
excursias similar to those simulated in the bottom pldEigure37. To see if this is a Rayleigh
channel, we apply the same analysis as those developed in $8tidfe begin by looking at
the NLOS statistics and Doppler frequeriaythe data from 659 to 671 seconBgyure42

shows the linear signal envelope (top plot) and the dB signal envelope (bottom plot) for the
signal from 659 to 671 seconds well as thslow-fading signalred trace)Again we notice the
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large signal fades which are indicative of a Rayldagting environmenfThe slowfading signal
envelope and Doppler frequency spectrum for this section of the run is shBigaiie43. The
Doppler frequency spectrum tells us that we were driving at a constant velocity through the
channel with a Doppler shift of about 15 Hz. We can also look at the PDF to see if it displays a
Rayleigh distribution, similar to the dgais performed in Sectio.3. The PDF for the signal

from 659 to 671 seconds is showrFigure44. The red trace is a numericaljgnerated

Rayleigh PDF chosen to provide a best fit to the data. The close agreement between the
measured distribution and a béisiRayleigh distribution strong suggests this portion of the data
was in a Rayleigtfiading environment or a NLOS region of the drive run. This PDF looks

similar to the simulated PDF shownhkigure38.

Finally, as part of this angdis, we can look at the power spectrdine full power spectrum
associated with the signal from 659 to 671 secidlown inFigure45. The transmitted
frequency is3500 MHz.The Doppler frequency spectruis shown between approximately +104
Hz. The negative Doppler shifts are deoppler and tells us that the receiving vehicle was
moving away from the transmitting antenna, the positive Doppler shifts corresparadl@deup
Doppler and tells us that the receiving vehicle was approaching the transmitting antenna. A
Doppler shift of O dB tells us that the receiving vehicle was perpendicular to the transmitting
antenna. The maximum Doppler shift of £104 Hz corresptmdsvelocity ofapproximately

8.94 m/s (20 mphipr the given transmitting frequencyhere are a large number of signals
arriving at our receimg antenndrom different angles as calculated us{@g). This tells us that
we are in a Rayleighaded environment where there are no strong LOS patltise given time
interval Notice also that the maximum signal in the Doppler spectrum wautdspond to the
location of the wawguiding street.
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Figure40. NLOS drive path in Martin Acres next to the Boulder Laboratories. The transmitter is
shown by the red + and the street chosen for analysis is shown by the élTdéryellow arrow
is the location of a wavguiding street.

52



x 10"

[

o

I].I.

Signal Envelope (V)
M

1 ..ll_l...l._uJ.I_l.d:.I.;lL:.,..4_..|L.|.I.IJjJi
660 670 680 690 700 710 720 730 740
Elapsed Time (sec)

0 |.I.n.~ hJIJ.uHi-_uL-;.HIlI..h_u

(=2
(=]

-]
o

400

120+

Signal Envelope (dBV)

_14“ L | 1 1 1 L L 1 1
660 670 680 690 700 710 720 730 T40
Elapsed Time (sec)

Figure41. NLOS environment in the Martin Acres neighborhood. The blue trace is the fast
fading data and the red trace is the sfading data which is a decond windwed average.

P
T

Signal Envelope (V)

||l| "{“H _‘“ |,‘ Jﬂil 1‘ |.L ||Ilil |.| " l“‘H

260 681 662 663 664 665 666 66? 668 669 670

Elapsed Time (sec)

‘70 T T T T T

80 - ill i I‘ Hli JO i l Ly 3l b ]Ih L il Iy
S i T e
3
s 100
m
s -0
@ o0t 4

_13 1 L 1 1 L 1 1 1 L
%GU 661 662 663 664 665 666 667 668 669 670
Elapsed Time (sec)

Figure42. Linear signal envelope and dB signal envelope for the run from 659 to 671 seconds.

53



Ayeraged Signal Envelope (dBV)

_m 1 1 1 1 L L 1
BE0  B61 BB2 BB3 GBB4 BBS BB BE/ BBE  BRY G0
Elapsed Time (sec)

5 B

—_
(=]

Doppler Freguency (Hz)

=

661 B62 BB3  BB4  BBS 666 BBY BGBD BRI
Time (sec)

Figure43. Slowfading dB signal envelope and the Doppler frequency spectrum from 659 to 671

seconds.
0.8 o
=y "s\
TN
/| HI%
0.6+ M i
> #Z ML
= I
Zo04 | N\ §
\
0.2
0
0 0.5 1.5 2 2.5 3 35

1 .
Demeaned NLOS Data

Figure44. PDF for the NLOS drive run in Martin Acres from 659 to 671 seconds.

54



0.02
0.018 7
0.016 [ T
0.014 T

[][]12- 1

| ﬂ\ |

Il'

! n\‘

AL “' um'u A
| |

[] L L i i ! i
-200 -150 -100 -50 0 50 100 150 200
Doppler Frequency (Hz)

e
=]
=

0.008

—

PowerSpectrum FWIHz)

Figure45. Power spectrum for a NLOS drive test showing a Doppler frequspeztrum from
approximatelyb104 Hzto +104 Hz

7.2LOS drive routet Rician fading

To look at the propagation characteristics of a LOS drive route, we can make measurements
along astreet in the Martin Acres neighborhoibdt will exhibitRicianfading statistics. This
street is shown ifrigure46 by the blue line. The transmitting antenna was in the samedocati
as for the previous Rayleighadingdrive route The linear signal envelope and the dB signal
envelope for the LOS portion of the run is showrrigure47. We will look at various time
intervals for this run and apply a similar analysis to understand the measuremerdidfor

the NLOS example given above.

From approximately 465 sendsto 488 seconds, waoticethat the fluctuations in the signal
envelog aremuchsmallerfor this time intervathan forany other interval for this drive route
This signal behavior igndicative of a vehicle that is stopped. This can be seEigure48in the
bottom plotthat shows th®oppler spectrum. We see that teppler frequencyas droppedor
this intervalto near zeravhich implies that the vehicle velocity is also near zero. Small
movements in the surrounding environmeni;h as a passing vehicle, can contribugerton
zero Doppler shift

To analyzean interval of the drive route that containRiaian-fadingdistribution, for .OS

case, we process the data frond 50515 secondsThe linear signal envelope and thHg signal
envelope from 505 to 515 seconds is showrRigure49. The fastfading data is shown by the
blue trace and the slefading data is shown by the red, esecad, movingaveraged data.
There is an oscillatory nature to the sttading data. This oscillation is indicative of a direct
LOS signal component from the sourdéeisolated slow-fadingdataandthe Doppler spectrum
for thistime intervalis shown inFigure50. The Doppler spectrum tells us that we were driving
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at a constant velocity during this time intervethe PDF for the data from 505 to 515 seconds is
shown inFigure51. The PDF tends toward a Gaussian distribution, which is indicative of a
strongline-of-sight (LOS)component in the received sigi4].
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Figure46. LOS drive path in Martin Acres next to the Boulder Laboratories. The transmitter is
shown by the red + and the street chosen for analysis is ghothe blue line.
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7.3 Measurement System Repeatability Measurements

It can also be very informative to understand measurement repeatability over the same drive
route and what parameters in the environment can#ito the repeatability for a given system.

We completed an extensive set of measurements before our measurement system deployed. We
conducted drive route repeatability and static positions repeatability testsTatbdeiMountain
Research facility38]. This location is optimal for repeatability testing because there are very

few buildings and lowprofile vegetationWe drove a route on Table Mountain a totafonfr

times and looked at the measurement variability. We also looked at static position repeatability
for three locations at Table Mountain. The results of this analysis have been provided in
Appendix G SectionsgC.1andC.2

We also completed a sensitivity analysssng a screening experimeaatunderstand which
environmental/system parameters would contribute to measurgarétiility. A summary of
the experiment and the results are giveAppendix G SectionC.3.
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8. SUMMARY OF BEST PRACTICES

When deploying a verified system to real world measurements, there are some procedural
considerations for successful measurement campdipadollowing listsummarizesmportant
proceduresisedby ITS during its long history of conducting measurement expeditions to
characterize outdoor RF propagation characteristies.als@\ppendix C

1 Use the same components and equipment for both the verification and the actual
measurement campaigr&pecifically, if any of the components break, it is very important
that the losses for the replaced components-beegsured even if they are the same model
number. Also, if the system is disassembled between measurements, it is intpattdht
comporents and losses be-cbaracterized and verified before measurements.

1 During outdoor testing, long cables should be secured to either the mast or other stable
platforms to prevent connector damage and provide phase stability during measurements.
Cables sbuld not be dragged along the ground or bent in a tighter radius than suggested by
the manufacturer. Connectors should be protected by rubber caps and all connectors should
be cleaned before measurements.

1 All equipment should be warmed up for 30 minute$ twur before testing. The longer the
power amplifier has to warm up, the more stable the output power will be. Also, the
calibrations and stability of receiving equipment will give better measurement results.

1 Itis important to bring copies of permit®pies of the test plan, copies of equipment setup
procedures, and a notebookpaperfor making notes during a measurement. Measurements
can be stressful andstandard procedurese available in a notebook, then a checklist can
be marked off, and thesting proceeds much more smoothly.

1 Once the measurement is completed, it is important to quickly review the collected data to
ensuredata integrity and to make sure that the GPS positions have been properly recorded.
Sometimes measurements have to beatga so it is important to allow at least an extra day
in the test plan to makg any measurements. The GPS location of the transmitter should
also be recorded and the height of the transmitting antenna above the ground.

1 No measurement effort is withocvmplicationsand so a list of lessons learned should be
compiled at the end of each testing campaign.
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APPENDIX Ad MEASUREMENT SYSTEM U NCERTAINTIES

ITS used its recent system verification with NIEJT to understad the uncertainty analysis
presented in this document. The list of uncertainty terms givéabie A1 is a compilation of
uncertainty sources that contribute te #ndto-end uncertainty of a measurement system.

Table A1. Typicaluncertaintysources and their values for the ITS measurement system.

Uncertainty Term Uncertainty (dB)
Power Meter, manufacturer 0.04
Coupling Coefficient 0.50
Power Amplifier stability, measured 0.08
VSA, manufacturer 0.35
{ipp, manufacturer 0.17
{ipy, manufacturer 0.03
{ivsa, manufacturer 0.02
Ucouples Measured 0.02
{ich, measured 0.02
Rb frequency stability neg.
Antenna Gain, measured 3.00
AntennaMismatch, manufacturer 0.35
Measurement System (Type A) 0.06
Measurement Repeatability (Type B) 0.70
Component Losses 0.50
Combined Uncertainty 3.21

This is a list of the main contributions to uncertainties in the ITS system. Each measurement
systemhasits own list of major contributions to uncertainty and uncertainty anabfsisild be
performed on each system individualfy brief description of each uncertainty term, the origin

of the uncertainty, and references are presented in this section. Additional uncertainty terms
include uncertainties due to the model, the terrain database, and the computed geographical
parametersuch as antenna height above ground and elevation angle calculations. In this section,
we focus on the uncertainties in the ¢ognd measurement system only. The largest source of
uncertainty will be from the propagation channel. This channel uncgrtaintbe gleaned from

the repeatability measurements discussetbipendixC, Section€.1andC.2 A schematic

showing the location of reflection coefficients that contribute to the uncertainty in the ITS system
is shown inFigureA-1.
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FigureA-1. Reflection coefficient definitions for uncertainty terms.

Several of the uncertainty terms are obtained fronmtéweufacturer. These include the

uncertainty of the power meter, the VSA, the uncertainty of the rubidium oscillator, the

uncertainty of the antenna mismatch, and the reflection coeffidfieats t he powger amp]l
t he p o wepk andthe \ESA[ysa [R1]i[24]. The uncertainties for the coupling

coefficient and theomponent losses are based on the uncertainty for repeated measurements,

such as those that were described in Sedtitin

The reflection coefficients for the cau® kouples G a N'd  t h @ werentakendrem ,
measured values. When measuring components using the VNA, we typically set up the
instrument to measure all fourfarameters (2, $1, Si2, $2). We can convert $to a reflection
coefficient using ta formula[25], [26],

Y p (18
3 ~ p8

The uncertainty in the antenna gain was determined by calculating the uncertainty of the
measurements that were made at Table Mountain as discussectionB.5.

Type A measurement uncertainties of the measurement system were determinedshrieyy a

of repeated measurements over a period of 10 days in a collaboration with NIST. These
measurements were performed using three different attenuator settings in a conducted channel.
We measured these three different attenuator settings using twemdiffgout power levels into

the measurement channel, 0 dBm and 30 dBm. The maximum measured uncertainty of all tests
was entered into the uncertainty table.
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Type B measurement uncertainties were calculated by comparing the measured basic
transmission gaifor three different measurement runs using the same drive route. We used the
data from run 1 as the reference and then looked at the basic transmission gain for the closest
neighbor locations in runs 2 and 3. At these locations, we looked at the maxifferende in

basic transmission gain to determine the uncertainties.

The combined uncertainty is obtained by takingrted sum of squarg®RSS) of all uncertainty
terms as defined in the following equation:

T B 8 (29

In this equatior, denotes the combined error (see entry at bottoable A1) and the
epsilon values in the sum on the right ssidéhe equation denote the individual rdecibel
uncertainties (those values listed in the table above the lastWoegrtaintyanaly®s for other
systems havbeencompleted irdifferentways[27]i [30].
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APPENDIX B& ANTENNA CHARACTERIZA TION

The first section in this appendix will show ttae-field characteristics for different types of
antennas. The next four sections will discuss various methods of measuring the antenna gain
pattern of an antenna. We will discuss the most accurate method first and then conclude with a
very general way to gasure the antenna gain pattern if no other resource is available.

B.1 Far-field Characteristics of Some Common Antennas

Antennafar-field distance is defined if17]i [19]. The usual criterion is the distance from the
antenna at which radiated wave front shapes (technically always spherical) approach flatness
(become planar) to iin a predefined percentage. Usually this distance is the Fraunhofer limit
of aboutD?/ or 2D/, whereD is the antenna diameter or other physical aperture sizé iand

the radiation wavelength. The largest dimensions of various tf@@dennas are shown in

Table B1 along with examples of the féield distances at representative RF frequencies.

Table B1. Various antenrg their largest aperture dimension, and thdiéa distance for their
lowest and highest frequencies.

Far-field distance (m) €, | Far-field distance (m) ¢
Antenna Type Largest dimension, D(m) [MHZz]) [MHZz])
<+ D >
Rearfied = 0.51 Riar-fied = 12.36
0.51
(f;=290) (f>= 7000)
Log-periodic antenna
Rearfiela = 0.27 Riar-fiela = 6.99
0.24
f;= 700 f,= 18,000
DualRidged Guided (f=700) (* )
(DRG) antenna
Riarfiern = 0.14 Riar-fiela = 2.27
1.02
(fi=20) (f=330)
Biconical antenna
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B.2 AnechoicChamber Measurements

The most accurate way to measure the-fiedd antenna pattern of an antenna is to use an
anechoic chambeFigure B1 showsa schematic of the measurement of an antenna in an
anechoic chambgB1]. An anechoic chambéas RF absorbing material (such as caiflbaded
foam) on the walls, floor, and ceiling and is designed to cover a specific frequency range.
Typically these facilities have a moveable platform where the antenna under test can be
mounted. The platform cawgpically operate in three dimensions so that a complete radiation
pattern can be obtainetypically, the facility shouldmeasure the antenna gain in theffald of

the antenna; therefore, larger antennas require larger faciite®ver, there aradilities that

can measure nedield antenna patterns and transform them to théidlt [32]. One can also

find chambers that will fit a vehicle and can therefbe used to measure the antenna pattern on
a vehicle. The benefits of such a facility is that it simulates afieeenvironment; however,
these chambers are typically very busy, so there may be a long lead time before a measurement
can be made. Theost to rent the facility for testing may also be a consideration.

Anechoic Chamber

antenna

Transmitting under test

antenna

rotatable

movable platform

Figure B1. Schematic showing ae@asurement of an antenna in an anechoic chamber.

B.3 Open Area Test Site (OATS)

Another method used to measure the radiation patterns of antennas is tojpse area test site
(OATS) facility [33]. These facilities are outdoor facilitiesdansually have a metallic ground

plane or a metallic mesh on which antenna stands are placed to make measurements. A picture of
the National Institute of Standards and Technology (NISAT S facility at the Department of
Commerce (DOCBoulder Laboratories shown inFigure B2.
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Figure B2. Photo of an antenna measurement at the NIST OATS facility at the Boulder
Laboratories.

In the expement shown in the photograph, the antennas were mounted on dustotowers

and placed close enough together to minimize the contribution from the ground bounce to the
received signal. OATS facilities are typically used for EMC/EMI measurements. Vaetade

to using an OATS facility to measure antennas is that the reflection coefficient of the ground
plane is constant and can be modelled accurately. The disadvantage is that these types of
facilities are costly. OATS facilities that can be used fareadre scarce, expensive, and require
long-lead times to get scheduled.

B.4 Free-Field Antenna Measurements

If an anechoic chamber or OATS facility is not available,-frelel antenna measurements can
be made on a flat surface using microwave absorbers iminénthe ground bounce and
simulate a fredield environment. There are also tirdemain techniques used to remove the
ground bounce from the measurement and simulate diétdeantenna. One method is to place
an absorber at the point of reflection hewn inFigure B3.
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One way to minimize
the effect of the
Direct ray ground bounce is to

¥—% \
™, Ground 6 m antenna height place absorbing

“.bounce material in the location

AdNAA of the ground bounce.

I /
Figure B3. Microwave absorber placement to minimize reflection into receiving antenna.

Using a VNA, we can remove the ground bounce from the final antenna measurement by time
gating the measured waveform. The dheatipling wavelet and the associated ground reflection
wavelet (or ground bounce) are showrtrigure B4. Time-gating can be used to isolate the
ground bounce and minimize it using techniques describdjn[37].

Figure B4. Time-domain responses for antenna measurements on an OATS facility at various
distances.

B.5 Turntable Measurements at Table Mountain

Measurements of theatternof an antennanounted on a vehicle can also be performed on a
turntable. ITS, for example, sometimes measures a reference antenna, a transmitting antenna, and
an antenna/van combination on the turntablthe Table Mountain Field Sif88]. The

advantage to these measurements is that the test facility is outfitted to do these types of
measurements, the test enalitesitu measurements, and thesitu azimuthal pattern is

obtained by spinning the vehicle on the turntgB88i [40].
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