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Abstract—The measurement of a radar chirp waveform is crit-
ical to assessing its spectral compliance. The Fourier transform
for a linear frequency-modulated chirp is a sequence of frequency-
domain impulse functions. Because a spectrum analyzer measures
the waveform with a finite-bandwidth intermediate-frequency (IF)
filter, the bandwidth of this filter is critical to the power level and
shape of the reported spectrum. Measurement results are presented
that show the effects of resolution bandwidth and frequency sam-
pling interval on the measured spectrum and its reported shape.
The objective of the measurement is to align the shape of the mea-
sured spectrum with the true shape of the signal spectrum. This
paper demonstrates an approach for choosing resolution band-
width and frequency sampling interval settings using the example
of a linear frequency-modulation (FM) chirp waveform.

Index Terms—Radar, radar interference, radar measurements,
radar signal analysis, spectral analysis.

I. INTRODUCTION

HE enforcement of spectral criteria in radar systems is sig-
T nificantly dependent upon the configuration used for spec-
trum measurement. Regulatory agencies must provide standards
for the spectrum measurement. The international regulatory
body for spectrum regulations is the International Telecommu-
nication Union (ITU). Several ITU standards exist in describing
allowable emissions and the measurement assessment of spec-
tral compliance. Standard ITU-R SM.329 discusses allowable
emissions in the spurious emission domain [1], and standard
ITU-R SM.1541 describes allowable emissions in the out-of-
band (OoB) domain, which is closer to the assigned bandwidth
than the spurious domain [2]. In light of these standards, an
additional standard ITU-R M.1177-4 provides recommended
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settings for the measurement of emissions [3]. The ITU Ra-
dio Regulations provide the spectral limitations of transmitted
radio signals [4]. In addition, individual nations have regula-
tory agencies that often expound upon the ITU standards for
spectrum regulation. In U.S., the National Telecommunications
and Information Administration (NTIA) sets guidelines for the
spectrum properties in the radar spectrum emissions criteria
(RSECQ) [5]. In addition to the RSEC, the NTIA has released
a report by one of the authors detailing procedures for mea-
surement assessment of RSEC compliance [6] and a report
discussing receiver measurement bandwidth issues related to
receivers [7]. These criteria indicate measurement settings for
evaluation of the spectrum and also bandwidth issues related to
chirp waveforms for detrimental effects of interference. Among
these criteria are maximum limits on the bandwidths that should
be used to measure pulsed radar emission spectra. A topic not
addressed in this existing literature, but which is addressed in
this paper, is the justification for the maximum measurement
bandwidth limits for linear frequency-modulation (LFM) wave-
forms, also known as “chirps.” While the ITU and NTIA stan-
dards provide recommendations for settings such as resolution
bandwidth, our paper provides experimental data explaining the
importance of these settings and connects the measurement sci-
ence with the compliance-measurement recommendations. To
our knowledge, this paper is the first to comprehensively address
the issue of radar spectrum measurements for compliance from a
measurement science perspective with experimental motivation
and validation. We provide specific measurement examples of
chirp waveforms and discuss, based on our experimental results,
how changing the settings can adversely affect the measurement
data, and possibly a compliance determination.

Linear chirps are useful radar waveforms because they pro-
vide improvement on range resolution for a given pulse length
due to the ability to compress the pulse [8]. In radar system op-
eration, a burst of a sinusoid with increasing or decreasing fre-
quency will happen during the radar’s “transmit” time, and then
the transmitter will hibernate during the “listen” time. The pe-
riodicity of the waveform produces a spectrum in which power
is concentrated at a finite number of frequencies (a discrete
spectrum).

The need for accurate and standardized spectrum measure-
ment procedures is motivated by increasingly stringent spec-
tral requirements on radar systems. In a struggling international
economy, wireless broadband applications show promise in pro-
viding significant financial return. As such, new developments
such as the U.S. President’s Broadband Plan [9] are requiring
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Fig. 1. Spectral mask example, reprinted from [10]. The mask requires the
signal to be 40 dB below the maximum in-band level at 8§ MHz from the center
frequency, and the upper limit decreases at 20 dB/decade moving away from
the band in both directions outside the 16 MHz bandwidth.

that additional spectrum be allocated for wireless broadband use.
Such developments are requiring radar transmitters to operate in
narrower slices of spectrum. In the RSEC, the NTIA sets spec-
tral masks in the U.S. within which radar signals are required
to be confined [10], as shown in Fig. 1. Allocations are pushing
the technical limits of operation for presently used legacy radar
systems. The line of the mask shown in Fig. 1 allows a 40-dB
bandwidth of 16 MHz; this means that at 8 MHz from the center
frequency on each side, the signal must be reduced by 40 dB
from its maximum in-band value. The mask then specifies that,
outside of the 16 MHz bandwidth, the maximum signal level
decreases at a rate of 20 dB per frequency decade away from
the band.

In addition to fixed measurement systems, standard methods
of measurement will be essential in the real-time assessment
and tuning of future adaptive radar systems [11]-[14]. Our pre-
vious work has detailed a test platform [15] to perform such
measurements and develop techniques with a goal of eventual
integration into a real-time, adaptive radar system.

Some work exists in the open literature related to measure-
ment evaluation of spectra for different applications. Engel-
son discusses the measurement of code-division multiple access
(CDMA) signals in [16]. Agilent Technologies [17] examines
settings for measuring different types of signals and provides
resolution and video bandwidth recommendations for differ-
ent scenarios. Bertocco discusses the measurement of power
using a spectrum analyzer from the “channel-power” and “zero-
span” approaches, noting that resolution bandwidth in a channel-
power approach should be narrow enough to resolve individual
spectral components if a measurement of peak power is de-
sired [18]. He also notes that if a zero-span measurement of
power is desired, the resolution bandwidth should be at least as
large as the signal bandwidth to avoid underestimation of the sig-
nal power. While providing useful information about spectrum
analyzer settings for different desired evaluations, Bertocco’s
treatment is focused on power measurements, rather than mea-
surements to determine spectral compliance. In [19], Bertocco
gives some theoretical considerations and discussion related to
practical spectrum analyzer measurements, stating that several

spectral components will fall into the filter passband simulta-
neously for the case of a line spectrum if the resolution filter
bandwidth is wider than the spectral line separation, also dis-
cussed by [20]. Bertocco et al. [19] also discusses the use of
peak detectors to perform sampling. Multiple studies have also
been performed on spectrum occupancy of different regional
areas, with a view to the assessment of cognitive radio and dy-
namic spectrum access feasibility [21]-[23]. The challenge of
setting a measured power threshold to label a region of spectrum
as “occupied” is dealt with by Islam, who used a level of 6 dB
over the minimum received power [21]. Wellens states that a
decision threshold of 3 dB higher than the measured noise floor
was expected to result, in his study, in a false-alarm probability
of about 1% [22]. Sanders, in evaluating spectrum occupancy,
suggests the use of resolution bandwidth equal to the span, al-
lowing each spectral content to be represented exactly once in
the measurement [23]. This consideration of resolution band-
width is one that we readdress in this paper, but with a view
toward determining spectral compliance, a distinct application
from other relevant papers.

The ITU standards also provide information related to mea-
surements for spectral compliance. Standard ITU-R SM.329
describes reference bandwidth as the bandwidth in which the
acceptable power is specified, and resolution bandwidth as the
bandwidth used by the spectrum analyzer for measurement. This
standard states that “narrower resolution bandwidth is some-
times necessary for emissions close to the center frequency.”
ITU-R SM.1541 [1] describes the assessment of emissions in
the OoB domain, usually the region adjacent to the main channel
that is affected by nonlinearity-induced intermodulation distor-
tion. It defines the idea of adjacent-band power ratio as a use-
ful measurement for assessing OoB power [2]. Finally, ITU-R
M.1177-4 recommends techniques for the measurement of the
emitted spectrum based on [1] and [2]. It also gives specific
information on performing measurements close to the band of
operation [3].

This paper presents the theory and measurement verification
for the regulatory spectrum analysis of radar signals. It exam-
ines spectrum analysis considerations specifically for spectral
compliance measurements. The work presented in this paper
is significant because it provides a distinct look at the impact
of spectrum analysis measurement considerations on spectral
compliance evaluations. While the ITU standards provide some
level of guidance on performing the measurements, the pur-
pose of this paper is to provide understanding and experimental
data to the measurement assessment of spectral compliance.
This paper uniquely describes not only the “what” and “how”
of spectrum measurements, but also addresses the question of
“why” certain settings must be used to ensure accurate compli-
ance determinations.

II. CHIRP WAVEFORM ANALYSIS

During the “on” time of the transmitter pulse, a linear FM
chirp has a linear time-frequency description. Fig. 2 depicts the
frequency-versus-time characteristic. The frequency sweep be-
gins at f; and ends at f. As such the spectrum of the chirp
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Fig. 2. Frequency-versus-time characteristic of a linear-frequency modulated

chirp. The period of the chirp is 7" seconds, and y/7 is the slope of the chirp in
Hertz per second.

will span the frequency range from f; to fy. Because this
pulsed chirp waveform is periodic, its spectrum will be discrete,
consisting of impulse functions at integer multiples of the fun-
damental frequency. If the period of an entire on-off cycle of the
chirp is given as 7, then the fundamental frequency is

1

fn =7 (1)

As a result, the spacing between tones in the chirp spectrum
is f’m [24]

Understanding that the spectrum of periodically repeated
chirps is actually discrete is critical to the interpretation of mea-
surement data in which the spectrum appears to be continous.
This appearance does not represent the actual shape of the spec-
trum, but is an artifact of the spectrum analyzer measurement.

To illustrate an effective general measurement methodology,
a simple case study is performed on measurements for a linear
FM (LFM) chirp with 16 MHz swept bandwidth. We examine
the same chirp for different measurement settings and assess po-
tential issues in assessing the measurements, as well as using the
chirp settings to plot a course for making desired measurements.

The complex exponential version of the LFM chirp waveform
during the “on” time of the duty cycle is given as

w (t) = exp (jwt) . 2)

The instantaneous frequency is a linear function of time and
is expressed as follows, where wy is the radian frequency at
t = 0 and 2y is the slope of the radian frequency-versus-time
characteristic (this means that p/7 is the Hertz frequency-versus-
time slope)

w= % = wp + 2ut. 3)

The linear frequency-versus-time characteristic has a low-

frequency limit

wo
= — 4
fo=5_ )
and high-frequency limit
wo + 2uT
fu =2 5)
m

where 7 is the “on-time” pulse width of the chirp burst.

TABLE I
CHIRP PARAMETERS USED IN THIS EXPERIMENT

Chirp | Chirp Chirp Spectral Center Chirp
Range | Period Rate Line Freq. Parameter
(MHz) | T (us) | (MHz/ | Spacing (MHz) n

us) (kHz)
3292- | 3333 | 048 30 3300 1.51x10"
3308

IF Resolution Power  Display

Spectrum Analyzer Display

Bandwidth Filter Detector Detector

Swept Local Oscillator

Fig.3. Spectrum analyzer simplified conceptual block diagram based on [17].
The total power reported on the spectrum analyzer display is the total downcon-
verted power that falls within the IF filter bandwidth.

Table I provides information about the chirp settings for
the running example used in this paper: 16 MHz chirp range,
3.3 GHz center frequency, and 30 kHz waveform repetition rate.
For the purpose of the measurements presented, the chirp burst
time 7 was made to be equal to the chirp repetition time 77
that is, a duty cycle of 100 percent was used for the measured
waveform. The slope of the frequency-versus-time characteris-
tic is then 241, where p is found by solving (5) for y using these
settings, giving

d
—1.51 x 1012222
" 51 x 10 e

The linear chirp rate in Hertz per second is

2 gy M2
27 us

III. SPECTRUM ANALYZER MEASUREMENTS

A simplified block diagram model of a spectrum analyzer
measurement is shown in Fig. 3 This diagram has been simpli-
fied to illustrate the functionality of systems important to these
measurements; for a more detailed diagram, the reader is re-
ferred to [17]. The signal to be measured is input to a mixer.
A swept local oscillator is used to down-convert the measured
RF signal to an intermediate frequency (IF). The IF resolution
bandwidth filter, centered at the fixed IF, reports the power cap-
tured within its bandwidth and plots a representative point on
the spectrum analyzer display. The swept oscillator is synchro-
nized with the trace frequency on the spectrum analyzer display.
The total power reported for a given frequency on the spectrum
analyzer is the power that falls within the bandwidth of the IF
filter.

The resolution bandwidth is of central importance in the mea-
surement of a wideband signal, such as the LFM chirp. Because
the signal is wideband, the power contained within the filter
bandwidth increases as the bandwidth increases. This is under-
scored in the ITU standard ITU-R M.1177-4, which suggests for
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some simple modulations that the measurement bandwidth be
less than the tone spacing, so that only one tone of the spectrum
will be included in any measurement [3]. The following describe
different resolution bandwidth scenarios for measurement:

1) Narrow resolution bandwidth. If the bandwidth is suffi-
ciently narrow, each of the discrete tones will be captured
with a shape that is similar to the shape of the filter.

2) Wider resolution bandwidth. Wider resolution bandwidth
may allow multiple tones to be captured inside the filter.
If the filter bandwidth is wide enough to contain multiple
tones in each measurement, then the total power will never
reach zero.

3) Very wide resolution bandwidth. When the filter band-
width is much larger than the tone spacing, the power
measurement will produce a result that is nearly flat with
frequency and has a power value consistent with the total
power in the band at each measured frequency point.

IV. MEASUREMENT RESULTS

This section evaluates the dependence of the measured spec-
trum upon resolution bandwidth and number of points used. It
then outlines a recommended procedure for spectral compliance
measurements.

A. Effect of Resolution Bandwidth Setting

Measurements were performed with the spectrum analyzer
to illustrate the dependence of the measurement data on the
resolution bandwidth setting. The chirp waveform, with settings
as shown in Table I, was generated in the laboratory using an
Agilent N5182 MXG vector signal generator. To generate the
waveform, the in-phase and quadrature component definitions of
the waveform were created in MATLAB, and the waveform was
created by the signal generator by playing the defined samples
at a rate of 60 megasamples per second. The repetition rate of
the entire chirp waveform is therefore dependent on the number
of samples for one complete cycle of the chirp. For a chirp
defined using 2000 samples and the instrument clock rate of
60 megasamples per second, the fundamental chirp repetition
frequency is given by

¢ samples
= 0 econd. _ Osalfﬁﬁg?d — 30 kH. ©)
2000 oycle

Fig. 4(a) shows the resultant spectrum analyzer measurement
with a narrow IF bandwidth. In this measurement, the individual
tones are spaced by 30 kHz.

A second measurement was taken with the same chirp rates,
but with the waveform defined over only 500 samples. In this
case, the fundamental chirp repetition frequency is given by

¢ samples
60 x 10 second

samples
cycle

= 120 kHz. (7)

500

Results for the measurement of this chirp are shown in
Fig. 4(b). In this case, the tones are spaced by 120 kHz, as
expected. The remainder of the experimental results shown in
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Fig. 4. Chirp measurement results for (a) 2000 samples at 60 megasamples
per second, and (b) 500 samples at 60 megasamples per second.

this paper is for 30 kHz tone spacing [as in Fig. 4(a)], given by
Table I.

Fig. 5 shows measurement results for three resolution band-
width values for spectral tone spacing (fundamental frequency)
of 30 kHz.

1) Resolution Bandwidth Smaller Than the Tone Spacing
(10 kHz) : Fig. 5(a) shows the results for 10- kHz res-
olution bandwidth. In this case, the resolution bandwidth
is significantly smaller than the tone spacing, so no more
than one tone will be present in the measurement IF band-
width at any measurement instant.

2) Resolution Bandwidth Equal to the Tone Spacing (30 kHz):
Fig. 5(b) gives measurement results for a resolution band-
width of 30 kHz. In this case, the resolution bandwidth is
equal to the separation of the tones to be measured, so as
one tone leaves the measurement bandwidth, another en-
ters. The nulls between the measured peaks for a resolution
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bandwidth of 30 kHz are not as deep as the nulls for a res-
olution bandwidth of 10 kHz.

Resolution Bandwidth Greater Than the Tone Spacing
(100 kHz): Fig. 5(c) shows the measured spectrum power
for 100 kHz resolution bandwidth. In this case, the mea-
surement bandwidth is much wider than the tone separa-
tion. The IF filter contains at most four tones and at least
three tones for each measured data point. The variation

between the Watt power in a bandwidth should not be
more than 25 percent of the maximum. This corresponds
to an expected variation that is within approximately +/—
1.25 dB. Fig. 5(c) shows a variation on this order. The
slight variation is based on whether three or four tones are
within the resolution bandwidth at each measured point.

As the resolution bandwidth is increased, the variation be-
tween measured points will decrease even further. The ripple
versus frequency as the filter moves to measure each point re-
duces as the number of tones in the bandwidth becomes larger.
Fig. 6 shows the results for a broader frequency span, revealing
the measurement of the entire chirp spectrum, using resolution
bandwidths of 100, 5, and 1 kHz.

1) Large (100 kHz) Resolution Bandwidth: For 100 kHz res-
olution bandwidth [see Fig. 6(a)], the power value in the
band is much larger, the in-band characteristic is very
flat, the apparent bandwidth is much larger than the chirp
bandwidth of 16 MHz, and the OoB degradation is grad-
ual. The large resolution bandwidth for the 100 kHz setting
allows multiple tones to appear within the bandwidth at
each measured point, causing the measured power level
to appear very high (-19.1 dBm) in the band. This also
accounts for the gradual OoB degradation, as even with
a center frequency out of the band of the chirp, multiple
tones from inside the chirp bandwidth may still appear
within the filter’s resolution bandwidth.

Medium (5 kHz) Resolution Bandwidth: Fig. 6(b) shows
the same 16 MHz chirp measured with a resolution band-
width of 5 kHz, one-twentieth the size of the previous
case. The in-band measurement shows small ripples, the
apparent chirp bandwidth is narrower, the measured power
in the band is significantly lower (—37.82 dBm), and the
OoB rolloff is smoother and much quicker.

Small (1 kHz) Resolution Bandwidth: Fig. 6(c) shows the
results for an even narrower resolution bandwidth (1 kHz),
and it can be seen that the measured in-band power is
approximately —40 dBm. A reduced noise floor is also
evident. Because the measured noise power is equal to
kTB, where k is Boltzmann’s constant, T is the Kelvin
temperature, and B is the Hz bandwidth, the noise floor
is expected to decrease as the resolution bandwidth is de-
creased. This shows details in the actual spectral spreading
that would be lost by a measurement with wider resolution
bandwidth.

ITU standard ITU-R M.1177-4 specifically refers to the situ-
ation shown in the following passage found in the standard [3]:

“Measurements should generally be made using a bandwidth
that is close to but less than the specified reference bandwidth.
This approach will minimize the measurement time but it also
causes some broadening of the measured spectrum. Thus in
marginal situations, where measurement of the true close in
spectrum shape may be important, it is recommended that the
close-in region within the OoB domain should be measured
using a maximum bandwidth of 0.2/T or 0.2/t as appropriate.”

The “broadening of the measured spectrum” is seen when a
large measurement spectrum is used, such as in Fig. 6(a). In the
case of this chirp, the tone spacing is 30 kHz (this is 1/7), so

2)

3)
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Spectrum analyzer results for resolution bandwidths of (a) 100 kHz,

the recommended measurement bandwidth based on this ITU-R
M.1177-4 passage is
0.2
7=
This means that both Fig. 6(b) (resolution bandwidth = 5 kHz)
and (c) (1 kHz) are acceptable in regard to limitation of spec-
tral spreading for compliance purposes. However, the smaller
resolution bandwidth in the measurement of Fig. 6(c) has a
lower noise floor, which may be necessary if the spectral mask
evaluation requires measurement of low power levels.

0.2 (30 x 10*) = 6 kHz.

B. Effect of Measured Points Number

Fig. 7 shows the same chirp as is displayed in Fig. 6, measured
with a varying number of points. Fig. 7(a) shows the results for
401 points, Fig. 7(b) shows results for 1601 points, and Fig. 7(c)
shows the measured spectrum for 6601 points. No in-band null
points are seen in Fig. 7(a), but a significant number of nulls is
visible in the measurement of Fig. 7(b), and Fig. 7(c) shows an
even greater number of nulls.

An understanding of the video stage of the spectrum-analyzer
front-end, as described in a very useful Agilent application note
[17], assists in interpreting these results. The local oscillator is
tuned by the voltage output of a sweep generator. As a result,
spectral content over the range of RF frequencies to be measured
is downconverted and swept through the resolution-bandwidth
filter at the IF.

The signal is then passed through an envelope detector, which
provides a measurement of the power inside the filter. The video
bandwidth filter follows, followed by a peak-sample-hold cir-
cuit. When the spectrum analyzer is in peak measurement mode
(as for the results shown in this paper), this circuit reports the
peak value of the sweep surrounding each measured point on
the spectrum analyzer screen.

1) Small Number of Measured Points (401): For all three
measurements shown in Fig. 7, the span can be seen to be
100 MHz (3.25-3.35 GHz). For the 401-point measurement of
Fig. 7(a), a total of 401 points was used. This means that the fre-
quency spacing between measured data points, and equivalently,
the frequency interval over which a peak value is sampled, here
called A fqata, is

100 MHz

A ata — - =2
faar 400 intervals 5

Thus, for each measured data point, an interval of 250 kHz
is swept with a resolution bandwidth of 1 kHz and the peak
value reported through the “sample-and-hold” approach. The
results are connected on the spectrum analyzer output. Because
the tones for this measurement are spaced by f,,, = 30 kHz, at
least eight tones appear in each sampled range. The maximum
value measured for these tones will be recorded. This is why no
nulls appear in the 401-points result of Fig. 7(a).

2) Moderate Number of Measured Points (1601): For the
measurement of Fig. 7(b), a total of 1601 points was used. This
means that the value for A fy,¢. 1S

100 MHz
1600 intervals

kHz
interval -

®)

kHz

A fiata = - .
Jaata interval

©))
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Fig. 7. Spectrum analyzer measurements of chirp waveform for a resolution
bandwidth of 1 kHz and (a) 401 points, (b) 1601 points, and (c) 6601 points.
Because the tone spacing is 30 kHz, it is expected that most
intervals will contain at least two tones. Because the resolution
bandwidth is narrow, however, the power levels reported at the
points are expected to be the similar to the 401-point measure-
ment of Fig. 7(a). The plot of Fig. 7(b) contains more noise,

as the maximum in each region is taken over only two mea-
sured tones, rather than 8. This increases the variation of the
maximum-value measurements from point to point.

3) Large Number of Measured Points (6601): Fig. 7(c) con-
tains the largest number of null points. In this case, the value of
Af data is

100 MHz

Afqata = ———— = 15.15
Jaar 6600 intervals

kHz

_— 10
interval (10)

For a tone spacing of 15.15 kHz, the probability that a tone
will be detected in a given sweep range is approximately only
50%, and so the number of zero measurements, or “nulls,” is
expected to be significant. Commensurate with this expectation,
Fig. 7(c) shows a measurement containing many zeros.

While it is interesting from a spectrum analyzer to see the
locations of the tones and nulls, the identification of individual
tones and their locations is not critical in the measurement of
chirps for spectral compliance assessment. The outline of the
spectral shape is more clearly seen in the graph of Fig. 6(a) than
in Fig. 6(b) and (c). The shape is most easily and accurately
seen when the number of points is small enough that at least
one tone is contained in each measurement window. Optimally,
the resolution bandwidth will be small enough that the IF fil-
ter passband never contains more than one tone at any point
during the measurement. Measurements such as those shown in
Fig. 6(c) and 7(a) are best for assessing compliance with RSEC
or other spectrum evaluation criteria.

V. GUIDELINES FOR SPECTRAL COMPLIANCE MEASUREMENTS

As shown in the measurement results, the resolution band-
width and number of points have a significant impact on the
measured data. How the data are measured can have an impact
on whether the signal appears to meet the spectral mask require-
ments or to fail compliance. Based on the experiments shown,
some general guidelines for spectral compliance measurements
are given in this section. For all measurements, the span should
be set large enough to view the desired channel and adjacent
channels under consideration.

A. Resolution Bandwidth

If possible, the resolution bandwidth should be set to a small
enough value that only one tone is present in the resolution band-
width for each measurement. In most cases, this is several orders
of magnitude smaller than the assigned channel bandwidth. The
measurement of power at each prespecified frequency is the to-
tal power in the resolution bandwidth centered around this fre-
quency. As such, a small bandwidth should be used surrounding
each measurement point.

The danger of setting the resolution bandwidth too large is
that power will be reported at a given frequency that is actually
from spectral content a significant distance from that frequency.
This is referred to by ITU-R M.1177-4 as “broadening of the
measurement spectrum,” [3] and could result in an improper de-
termination of spectral compliance. Fig. 6(a) is an example of a
measurement where this undesirable effect occurs. A resolution
bandwidth of 100 kHz was used for this measurement, mean-
ing that spectral content is included at each measured point for
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50 kHz on both sides of the reported frequency. Because the rep-
etition frequency of the chirp in these measurements is 30 kHz,
this means that either 3 or 4 tones will be present in the reso-
lution bandwidth for each measurement. This causes apparent
“spreading” of the signal, and could cause a radar system to
be declared as noncompliant, when, in fact, its power actually
resides within the spectral mask. An erroneous declaration of
noncompliance could result in the prevention of a compliant
system from being put into operation at great cost to both the
manufacturer and the end user. For ideal spectral compliance
measurements, the resolution bandwidth should be less than the
tone spacing (in the case of the experiments shown, less than
30 kHz). ITU-R M.1177-4 recommends that an even smaller
value of 0.2/T should be used, where 7' is the period of the
waveform [3]. This corresponds to 6 kHz for Fig. 6 example.

A second artifact of using a smaller resolution bandwidth
is that it causes the noise floor to be lower. ITU-R M.1177-4
states “To obtain a complete picture of the spectrum especially
in the spurious emission domain, it is recommended to be able to
measure levels of emissions 10 dB below the levels given in RR
(ITU Radio Regulation) Appendix 3” [3]. The spurious emission
domain contains frequencies some distance away from the main
channel, and these are usually required to have much lower
power values than the in-band signal. For example, if the signal
is required to be 50 dB down from the maximum in-band power
at the alternate channel, but the spectrum analyzer measurement
shows a noise floor that is only 40 dB down from this maximum
in-band power, mask compliance cannot be assessed. Based on
ITU-R M.1177-4, the noise floor must be reduced by 20 dB to
give 10 dB between the mask value and the noise floor. From
noise measurement theory, the noise floor changes based on the
resolution bandwidth as follows [25]:

AN (dB) = 101og(Bactor) (11)

where AN is the change in dB of the noise floor, and Bi,ctor
is the factor by which the resolution bandwidth is multiplied.
Solving for By,ctor for AN = —20 dB gives

Bfactor = 10AN((1B)/10 = 10_% = 0.01.

Thus, reducing the resolution bandwidth by a factor of 100
will provide a noise floor reduction of 20 dB.

If the resolution bandwidth is very small, the sweep time will
be very large, and taking the data necessary for the measure-
ments will become an inefficient process. Thus, the resolution
bandwidth should simply be set low enough so that (1) only
one tone exists in the resolution bandwidth filter for each mea-
surement and (2) the measurement noise floor is low enough
to assess the compliance for the OoB frequencies of interest.
However, requiring the resolution bandwidth to be lower than
this will unnecessarily slow the measurement.

B. Number of Measured Points

The tones in a spectrum are spaced by the repetition rate
of the radar chirp. If peak measurement mode is used, then
as long as the measured points are spaced apart by a larger
frequency than the waveform’s repetition rate, a tone will be
seen in each frequency range corresponding to a measured point,

and a continuous trace will be viewed on the screen, rather than
a line spectrum. This improves the ease of viewing the mask
compliance, but offers little risk of error in either improperly
declaring a radar in compliance or out of compliance. It also
speeds the measurement, as a larger number of measured points
requires more time.

VI. CONCLUSION

A spectrum analyzer, with a heterodyne receiver in its front
end, measures spectrum analysis data by relocating different
frequency ranges to pass through the resolution bandwidth fil-
ter at the IF. Small resolution bandwidth is best for accurate
assessments of spectral compliance. Large resolution band-
width causes the bandwidth of the chirp to appear too large.
Closely spaced tones can be discerned only by performing a
low-resolution-bandwidth measurement with enough measured
frequency points that the frequency separation between mea-
sured points is smaller than the Fourier-series tone spacing.
In the case where this separation is large, zero measurements,
i.e., nulls, can be identified between tone locations. For spectral
compliance assessment, identification of these nulls is not im-
portant; the envelope of the spectral peaks is much more useful
in assessing spectral compliance. Based on these considerations,
the number of points used should be small enough that at least
one tone is measured in each data range, but large enough to
show the shape of the spectrum correctly. The ITU standards
suggest a resolution bandwidth smaller than the tone spacing
for chirp signals, and the suggestions of these standards have
been demonstrated to be useful through the experimental data
we have presented.

The results of this study provide an understanding of measure-
ment considerations related to spectral compliance assessment
for radar transmitters and other similar broadcasters of wideband
signals.

ACKNOWLEDGMENT

The authors would like to thank Dr. E. Mokole of the Naval
Research Laboratory for his helpful guidance of this work, as
well as Baylor research assistants M. Fellows, D. Moon, and
O. Akinbule for their help. Special thanks also goes to Dr. L.
Dunleavy and Dr. T. Weller of the University of South Florida
for the conceptual block diagram concept of Fig. 3. We wish
to thank the reviewers of this paper for their suggestions; their
expertise, and input has resulted in a much more useful and
improved contribution to the EMC field.

REFERENCES

[11 Unwanted emissions in the spurious emission domain, International
Telecommunication Union Standard ITU-R SM.329.

[2] Unwanted emissions in the out-of-band domain, International Telecom-
munication Union Standard Standard ITU-R SM.1541.

[3] Techniques for Measurement of Unwanted Emissions of Radar Systems,
International Telecommunication Union Standard ITU-R M.1177-4.

[4] International Telecommunication Union Radio Regulations Appendix 3
(Rev. WRC-03), “Tables of maximum permitted power levels for spurious
or spurious domain emissions,” International Telecommunication Union.

[5] Manual of regulations and proceedings for federal radio frequency man-
agement, Section 5.5, “Radar spectrum engineering criteria,” U.S. Depart-
ment of Commerce, Washington, DC, USA, NTIA, Jan. 2008.



This paper was submitted to and will appear in the IEEE Transactions on Electromagnetic Compatibility, Vol. 56, No. 3, June 2014.
IEEE Transactions on Electromagnetic Compatibility are Copyright © IEEE.

[6] F. Sanders, R. Hinkle, and B. Ramsey, “Measurement procedures for
the radar spectrum engineering criteria,” U.S. Department of Commerce,
Washington, DC, USA, NTIA Tech. Rep. TR-05-420, Mar. 2005.

[71 F. Sanders, “The rabbit ears pulse-envelope phenomenon in off-
fundamental detection of pulsed signals,”, U.S. Department of Commerce,
Washington, DC, USA, NTIA Tech. Rep. TR-12-487, Jul. 2012.

[8] M. Skolnik, Introduction to Radar Systems, 3rd ed. New York, NY,
USA: McGraw-Hill, 2001.

[9] The President’s Council of Advisors on Science and Technology (PCAST),

Report to The President, “Realizing The Full Potential of Government-

Held Spectrum to Spur Economic Growth,rdquo; The White House, Wash-

ington, DC, July 2012.

J. de Graaf, H. Faust, J. Alatishe, and S. Talapatra, “Generation of spec-

trally confined transmitted radar waveforms,” in Proc. IEEE Conf. Radar,

2006, pp. 76-83.

S. Haykin, “Cognitive radar: A way of the future,” IEEE Signal Process.

Mag., vol. 23, no. 1, pp. 30-40, Jan. 2006.

J. Guerci, Cognitive Radar: The Knowledge-Aided Fully Adaptive Ap-

proach. Norwood, MA, USA: Artech House, 2010.

1. Alkyildiz, W.-Y. Lee, M. Vuran, and S. Mohanty, “Next Genera-

tion/Dynamic Spectrum Access/Cognitive Radio Wireless Networks: A

Survey,” Elsevier Comput. Netw., vol. 50, 2006, pp. 2127-2159.

S. Haykin, “Optimal waveform design for cognitive radar,” in Proc. 42nd

Asilomar Conf. Signals, Syst. Comput., Pacific Grove, CA, USA, Oct.

2008.

C. Baylis, J. Martin, M. Moldovan, O. Akinbule, and R.J. Marks, II,

“A test platform for real-time waveform and impedance optimization in

microwave radar systems,” presented at Int. Waveform Diversity Des.

Conf., Kauai, HI, USA, Jan. 2012.

M. Engelson and J. Hebert, “Effective characterization of CDMA signals,”

Microw. J., vol. 38, no. 1, pp. 90, 92, 94, 98, 101-102, 104, 1995.

(2012). Agilent Technologies, “Application Note: “Agilent spectrum

and signal analyzer measurements and noise,” [Online]. Available:

http://www.agilent.com

M. Bertocco and A. Sona, “On the measurement of power via a super-

heterodyne spectrum analyzer,” IEEE Trans. Instrum. Meas., vol. 55,no. 5,

pp. 1494-1501, Oct. 2006.

M. Bertocco, C. Narduzzi, and A. Sona, “A unified conceptual framework

for spectrum analyser measurements,” in Proc. 17th IMEKO World Congr.,

Jun. 2003, Dubrovnik, Croatia, pp. 1125-1129.

“Agilent Radar Measurements,” Application Note, Agilent Technologies,

2012.

M. Islam, C. Koh, S. Oh, X. Qing, Y. Lai, C. Wang, Y.-C. Liang, B. Toh,

F. Chin, G. Tan, and W. Toh, “Spectrum survey in Singapore: Occupancy

measurements and analyses,” in Proc. 3rd Int. Conf. Cognitive Radio

Oriented Wireless Netw. Commun., Singapore, May 2008, pp. 1-7.

M. Wellens, J. Wu, and P. Mahonen, “Evaluation of spectrum occupancy

in indoor and outdoor scenarios in the context of cognitive radio,” in Proc.

2nd Int. Conf. Cognitive Radio Oriented Wireless Netw. Commun., Aug.

2007, pp. 420-427.

F. Sanders, “Broadband spectrum surveys in Denver, CO, San Diego, CA,

and Los Angeles, CA: Methodology, analysis, and comparative results,”

in Proc. IEEE Int. Symp. Electromagn. Compat., Aug. 1998, pp. 988-993.

R.J. Marks, II, Handbook of Fourier Analysis and Its Applications.. Lon-

don, U.K.: Oxford Univ. Press, 2009.

G. Gonzalez, Microwave Transistor Amplifiers: Analysis and Design, 2nd

ed. Englewood Cliffs, NJ, USA: Prentice-Hall, 1997.

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Charles Baylis (S’03-M’08) received the Ph.D. de-
gree in electrical engineering from the University of
South Florida, Tampa, FL, USA, in 2007.

He is currently an Assistant Professor of elec-
trical and computer engineering, Baylor University,
Waco, TX, USA, where he directs the Wireless and
Microwave Circuits and Systems (WMCS) Program.
His research focuses on spectrum issues in radar and
communication systems, and has been sponsored by
the National Science Foundation and the Naval Re-
search Laboratory. He has focused his work on the
application of microwave circuit technology and measurements, combined with
intelligent optimization algorithms, to create reconfigurable transmitters. Since
2008, he has been serving as an Assistant Professor at Baylor. He serves as
the General Chair of the annual Texas Symposium on Wireless and Microwave
Circuits and Systems, technically cosponsored by the IEEE Microwave Theory
and Techniques Society (MTT-S). He also serves as Student Activities Chair of
the IEEE MTT-S Dallas Chapter.

Loiag

d: b

Josh Martin (S’07-M’13) received the M.S.E.E. de-
gree from Baylor University, Waco, TX, USA, in
2012 where he performed research related to radar
spectrum compatibility.

Under sponsorship from the Naval Research Lab-
oratory, his work focused on tradeoff optimization
between conflicting spectrum and performance re-
quirements in radar transmitters. He is currently an
Electromagnetic Effects Engineer at L-3 Communi-
cations, where he performs EMI/EMC validation for
integrated system platforms.

Matthew Moldovan (S°’08-M’13) received the B.S.
degree in electrical and computer engineering in 2010
and the Master’s of Engineering, with a concentration
in radar waveform optimization, from Baylor Univer-
sity, Waco, TX, USA, in 2012, under the mentorship
of Dr. C. Baylis and Dr. R. Marks.

He is currently an Electromagnetics Effects En-
gineer at L-3 Communications, Platform Integration
Division in Waco, TX, USA. His work focuses on
reviewing and certifying modified platform systems
for electromagnetic compatibility (EMC). He pro-
vides electromagnetic environmental effects (E3) support for multiple aircraft
modification programs with efforts such as verifying that lightning protection,
p-static protection, equipment protection from inter- and intrasystem undesired
RF culprit power, and other forms of electromagnetic interference (EMI) pro-
tection are incorporated in new and modified engineering designs. In addition,
he provides E3 support for various aircraft EMC/EMI tests.

Mr. Moldovan was also a student member of the Wireless and Microwave
Circuits and Systems (WMCS) Program from 2009-2012 and is currently an
industry member of the WMCS Program Advisory Board.

Robert J. Marks, II, (F’94) received the B.S.E.E
and M.S.E.E degrees in electrical engineering from
Rose-Hulman Institute of Technology, Terre Haute,
IN, USA, in 1972 and 1973, respectively, and the
Ph.D. degree in electrical engineering from Texas
Tech University, Lubbock, TX, USA, in 1977..

He is a Distinguished Professor of Engineering
in the Department of Engineering, Baylor University,
Waco, TX, USA. He is the author of hundreds of jour-
nal and conference papers. Some of them are good.
His latest book, coedited with M. Behe, W. Demb-
ski, B. Gordon, and J. C. Sanford is Biological Information—New Perspectives
(World Scientific, Singapore, 2013). He is also the (co)author/(co)editor of Neu-
ral Smithing: Supervised Learning in Feedforward Artificial Neural Networks
(Cambridge, MA, USA: MIT Press, 1999), Handbook of Fourier Analysis and
Its Applications (New York, NY, USA: Oxford Univ. Press, 2009), Introduc-
tion to Shannon Sampling and Interpolation Theory (London, U.K.: Springer-
Verlag, 2011), Advanced Topics in Shannon Sampling and Interpolation Theory,
(London, U.K.: Springer-Verlag, 2012), Fuzzy Logic Technology and Applica-
tions, (Piscataway, NJ, USA: IEEE Press, 1994), Computational Intelligence:
Imitating Life (Piscataway, NJ, USA: IEEE Press, 1994) and Computational In-
telligence: A Dynamic System Perspective (Piscataway, NJ, USA: IEEE Press,
1995).



This paper was submitted to and will appear in the IEEE Transactions on Electromagnetic Compatibility, Vol. 56, No. 3, June 2014.
IEEE Transactions on Electromagnetic Compatibility are Copyright © IEEE.

Dr. Marks is the recipient of a NASA Tech Brief Award and a best paper
award from the American Brachytherapy Society for prostate cancer research.
He is Fellow of The Optical Society of America. His consulting activities in-
clude Microsoft Corporation, Pacific Gas and Electric, and Boeing Computer
Services. His research has been funded by organizations such as the National
Science Foundation, General Electric, Southern California Edison, EPRI, the Air
Force Office of Scientific Research, the Office of Naval Research, the Whitaker
Foundation, Boeing Defense, the National Institutes of Health, The Jet Propul-
sion Lab, Army Research Office, and NASA. He received the IEEE Outstanding
Branch Councilor Award, The IEEE Centennial Medal, the IEEE Computational
Intelligence Society Meritorious Service Award, the IEEE Circuits and Systems
Society Golden Jubilee Award, and an IEEE CIS Chapter of the IEEE Dallas
Section Volunteer of the Year award. He was named a Distinguished Young
Alumnus of Rose-Hulman Institute of Technology, is an inductee into the Texas
Tech Electrical Engineering Academy, and in 2007 was awarded the Banned
Item of the Year from the Discovery Institute. He was also the corecipient of a
NASA Tech Brief Award for the paper “Minimum Power Broadcast Trees for
Wireless Networks,” and the Judith Stitt Award at the American Brachytherapy
Society 23rd Annual Meeting. He served as a Distinguished Lecturer for the
IEEE Computational Intelligence Society. He was given IEEE Dallas Chapter
Volunteer of the Year Award from the Dallas IEEE CIS Chapter. He served for
17 years as the Faculty Advisor to the University of Washington’s chapter of
Campus Crusade for Christ. In 2010, he was listed by CollegeCrunch.com as
one of “The 20 Most Brilliant Christian Professors,” and, in 2013, one of “the
50 smartest people of faith” at TheBestSchools.org. He has an embarrassingly
low ErdGs-Bacon number of five.

Lawrence Cohen (M’87-SM’12) received the Bachelor’s of Science degree
in electrical engineering from The George Washington University, Washington,
DC, USA, in 1975 and the Master’s of Science degree in electrical engineering
from Virginia Tech, Blacksburg, VA, USA, in 1994.

He has been involved in electromagnetic compatibility (EMC) engineering
and management, shipboard antenna integration, and radar system design for
32 years. In this capacity, he has worked in the areas of shipboard electromag-
netic interference (EMI) problem identification, quantification and resolution,
mode-stirred chamber research and radar absorption material (RAM) design,
test, and integration. In March 2007, he acted as the Navy’s Principal Investiga-
tor in the assessment of radar emissions on a WiMAX network. Additionally, he
has acted as the Principal Investigator for various radar programs, including the
radar transmitter upgrades. Currently, he is involved with identifying and solv-
ing spectrum conflicts between radar and wireless systems as well as research
into spectrally cleaner power amplifier designs, tube, and solid state.

Mr. Cohen is certified as an EMC Engineer by the National Association of
Radio and Telecommunications Engineers (NARTE). He served as the Techni-
cal Program Chairman for the IEEE 2000 International Symposium on EMC
and was elected for a 3 year term to the IEEE EMC Society Board of Directors
in 1999 and 2009. He is also a member of the IEEE EMC Society Technical
Committee 6 (TC-6) for Spectrum Management. For the past 26 years, he has
been employed by the Naval Research Laboratory in Washington, DC, USA.

Jean de Graaf (M’86) received the B.S. degree from the University of Mary-
land, College Park, MD, USA, in 1989, and the M.S. degree from Colorado
State University, Fort Collins, CO, USA, in 1991, all in electrical engineering.

Since 1991, he has been with the Naval Research Laboratory in Washington,
DC, USA. Since 1991, he has been with the Radar Division where his research
interests include, but not limited to, adaptive array processing, test and mea-
surement, systems engineering, and radar meteorology.

Mr. de Graaf received two Alan Berman Research Publication awards at the
Naval Research Laboratory in 2003 and 2006. He is a member of Eta Kappa Nu
Society for more than 20 years.

Robert Johnk (M’91-SM’07) received the Ph.D. de-
gree in electrical engineering from the University of
Colorado, Boulder, USA, in 1990, where he special-
ized in electromagnetics, propagation, and antennas.

He is currently an Electronics Engineer at the In-
stitute for Telecommunication Sciences (NTIA/ITS),
Boulder, where he is engaged in public safety radio
and mobile radio propagation research. Prior to join-
ing NTIA/ITS in 2007, he was with the National Insti-
tute of Standards and Technology (NIST) in Boulder
for 17 years where he was the Leader of the time-

domain fields project.

Dr. Johnk has received best paper awards from the IEEE EMC Society, NIST,
and NTIA. In 2011, he received a technical achievement from the IEEE EMC
Society in 2011 for his work “in the development of free-space time-domain
measurement techniques.” He is a senior member of the Eta Kappa Nu and Tau
Beta Pi.

Frank Sanders (M’90) received the B.A. degree from university of Colorado
in 1987.

He is the Chief of the Telecommunications Theory Division, Institute for
Telecommunication Sciences, the National Telecommunications and Informa-
tion Administration, Washington, DC, USA. He has authored many works re-
lated to spectrum issues and is a sought-after presenter at technical meetings
and conferences related to a host of issues, including radar and spectrum engi-
neering. His expertise in the evaluation of spectrum related to compliance issues
is widely known and respected.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




