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Chapter 1. Introduction

This application note explains the
fundamentals of swept-tuned, super-
heterodyne spectrum analyzers and
discusses the latest advances in spec-
trum analyzer capabilities.

At the most basic level, a spec-

trum analyzer can be described as a
frequency-selective, peak-responding
voltmeter calibrated to display the rms
value of a sine wave. It is important to
understand that the spectrum analyzer
is not a power meter, even though it can
be used to display power directly. As
long as we know some value of a sine
wave (for example, peak or average) and
know the resistance across which we
measure this value, we can calibrate our
voltmeter to indicate power. With the
advent of digital technology, modern
spectrum analyzers have been given
many more capabilities. In this note, we
describe the basic spectrum analyzer
as well as additional capabilities made
possible using digital technology and
digital signal processing.

Frequency domain versus
time domain

Before we get into the details of
describing a spectrum analyzer, we

Fourief* theory tells us any time-
domain electrical phenomenon is
made up of one or more sine waves

of appropriate frequency, amplitude,
and phase. In other words, we can
transform a time-domain signal into its
frequency-domain equivalent. Mea
surements in the frequency domain
tell us how much energy is present at
each particular frequency. With proper
OOWHULQJ
shown in Figure 1-1 can be decom-
posed into separate sinusoidal waves,
or spectral components, which we can
then evaluate independently. Each sine
wave is characterized by its amplitude
and phase. If the signal we wish to
analyze is periodic, as in our case here,
Fourier says that the constituent sine
waves are separated in the frequency
domain by 1/T, where T is the period of
the signal .

PLIJIKW oUVW DVN RXUVHOYHV k-XVW ZKDW LV

a spectrum and why would we want
to analyze it?” Our normal frame

of reference is time. We note when
certain events occur. This includes
electrical events. We can use an
oscilloscope to view the instantaneous
value of a particular electrical event (or
some other event converted to volts
through an appropriate transducer)

as a function of time. In other words,
we use the oscilloscope to view

the waveform of a signal in the time
domain.

1. -HDQ %DSWLVWH -RVHSK )RXULHU

series of sines and cosines.

.l WKH WLPH VLJQDO RFFXUV RQO\ RQFH WKHYVAQWDRQYLRDWHN D@8 QWK XXPTRHQEQ W DY HV

Figure 1-1. Complex time-domain signal

Some measurements require that we
preserve complete information about
the signal frequency, amplitude and
phase. However, another large group
of measurements can be made without
knowing the phase relationships among
the sinusoidal components. This type
of signal analysis is called spectrum
analysis. Because spectrum analysis is
simpler to understand, yet extremely

D ZDYHIRUP VXFKHDXOWEKH EQBLQ E\ ORRNLQJ c

spectrum analyzers perform spectrum
analysis measurements, starting in
&KDSWHU

Theoretically, to make the transfor-
mation from the time domain to the
frequency domain, the signal must
be evaluated over all time, that is,

RYHU LQoQLW\

making a measurement. You also can
make Fourier transformations from

$KWWUWHEGEK VP ZWR HEALD/W R IHIUH G Q\aKBW SHULRGLF IXQFWLR

+RZHYHU LQ SU
DOZD\V XVH D oQLWH WLPH SHU



the frequency to the time domain. This
case also theoretically requires the
evaluation of all spectral components

is not a pure sinusoid, it does not give

Why measure spectra?

XV D GHoQLWLYH LQGLFDWLRQ RI WKH UHDVRQ

ZK\ )LJIJXUH

RYHU IUHTXHQFLHV WR L QraQitth theQime dridl @dquehcy do-
PDNLQJ PHDVXUHPHQW-V L @aibs.aae e @@ain display

width that captures most of the signal
energy produces acceptable results.
When you perform a Fourier transfor-
mation on frequency domain data, the
phase of the individual components is
indeed critical. For example, a square
wave transformed to the frequency
domain and back again could turn into
a sawtooth wave if you do not preserve
phase.

What is a spectrum?

So what is a spectrum in the context of
this discussion? A spectrum is a collec-
tion of sine waves that, when combined
properly, produce the time-domain
signal under examination. Figure 1-1
shows the waveform of a complex
signal. Suppose that we were hoping to
see a sine wave. Although the wave-
form certainly shows us that the signal

plots the amplitude versus the frequen-
cy of each sine wave in the spectrum.
As shown, the spectrum in this case
comprises just two sine waves. We now
know why our original waveform was
not a pure sine wave. It contained a
second sine wave, the second harmonic
in this case. Does this mean we have no
need to perform time-domain mea-
surements? Not at all. The time domain
is better for many measurements, and
some can be made only in the time do-
main. For example, pure time-domain
measurements include pulse rise and
fall times, overshoot and ringing.

<

)

Time domain
measurements

-

Frequency domain
measurements

YLIXUH

VKRZV RXU F¥ B

qP[njlin also has its

measurement strengths. We have
DOUHDG\ VHHQ LQ )LJXUHV
that the frequency domain is better for
determining the harmonic content of a
signal. People involved in wireless com
munications are extremely interested
in out-of-band and spurious emissions.
For example, cellular radio systems
must be checked for harmonics of the
carrier signal that might interfere with
other systems operating at the same
frequencies as the harmonics. Engi-
neers and technicians are also very
concerned about distortion of the mes
sage modulated onto a carrier.

Third-order intermodulation (two tones
of a complex signal modulating each
other) can be particularly troublesome
because the distortion components can
fall within the band of interest, which

PHDQV WKH\ FDQQRW EH 00OWHU

Spectrum monitoring is another
important frequency-domain
measurement activity. Government
regulatory agencies allocate different
frequencies for various radio services,
such as broadcast television and
radio, mobile phone systems, police
and emergency communications,

and a host of other applications. It

is critical that each of these services
operates at the assigned frequency
and stays within the allocated channel
bandwidth. Transmitters and other
intentional radiators often must
operate at closely spaced adjacent
frequencies. A key performance
PHDVXUH
and other components used in these

5HODWLRQVKLS EHWZHHQ WLPH DQG IUHTXHQF\ GRPDLQsystems is the amount of signal energy

that spills over into adjacent channels
and causes interference.

Electromagnetic interference (EMI) is
a term applied to unwanted emissions
from both intentional and unintentional
radiators. These unwanted emissions,
either radiated or conducted

(through the power lines or other
interconnecting wires), might impair
the operation of other systems. Almost
anyone designing or manufacturing

IRU WKH SRZHU DPSOI



JLIXUH +DUPRQLF GLVWRUWLRQ WHVW RI| D W URgQr¥ B4.\BS¥Hddio signal and spectral mask showing limits of
unwanted emissions

JLIXUH 7ZR WRQH WHVW RQ DQ 5) SRZHU D P S CHigut¢ U-6. Radiated emissions plotted against CISPR11 limits as partf@an
EMI test



electrical or electronic products

must test for emission levels versus
frequency according to regulations

set by various government agencies or
industry-standard bodies.

Noise is often the signal you want to
measure. Any active circuit or device
will generate excess noise. Tests such

in situations involving brief stops

for quick measurements. Due to

advanced calibration techniques,

OoHOG PHDVXUHPHQWYV PDC
handheld analyzers correlate with lab-
grade bench-top spectrum analyzers
within 10ths of a dB.

In this application note, we concentrate

DV QRLVH 0JXUH DQG VLJQ@bsvept BmQlitRde\hi¢asuieivents,

(SNR) are important for characterizing
the performance of a device and

its contribution to overall system
performance.

JLIXUHV WKURXJK

these measurements on an X-Series
signal analyzer.

Types of signal analyzers

RQO\ EULHp\ WRXFKLQJ RC
involving phase—see Chapter 8.

Note: When computers became
Hewlett-Packard’s dominant business,

V Kt RréatédralndHs Rt off Keysight Tech-

nologies in the late 1990’s to continue
the test and measurement business.
Many older spectrum analyzers carry
the Hewlett-Packard name but are
supported by Keysight.

7KH oUVW VZHSW WXQHG VXSHUKHWHURG\QH

analyzers measured only amplitude.
However, as technology advanced

and communication systems grew
more complex, phase became a more
important part of the measurement.
Spectrum analyzers, now often labeled
signal analyzers, have kept pace. By
digitizing the signal, after one or more
stages of frequency conversion, phase
as well as amplitude is preserved and
can be included as part of the infor-
mation displayed. So today’s signal

analyzers such as the Keysight X-Series

combine the attributes of analog, vec-
tor and FFT (fast Fourier transform)
analyzers. To further improve capabili-
ties, Keysight's X-Series signal analyz-
ers incorporate a computer, complete
with a removable disk drive that allows
sensitive data to remain in a controlled
area should the analyzer be removed.

Advanced technology also has allowed
circuits to be miniaturized. As a result,
rugged portable spectrum analyzers
such as the Keysight FieldFox simplify
tasks such as characterizing sites

for transmitters or antenna farms.

Zero warm-up time eliminates delays

This application note will give you
insight into your particular spectrum or
signal analyzer and help you use this
versatile instrument to its maximum
potential.

More information

For additional information on

vector measurements, seevector
Signal Analysis Basipplication Note,
literature number 5989-1121Ed¢
information on FFT analyzers that
tune to 0 Hz, see the Web page for
WKH .H\VLJKW $ DW
ZZZ NH\VLJKW FRP 0QG

$



&KDSWHU

This chapter focuses on the fundamen-
tal theory of how a spectrum analyzer
works. While today’s technology makes
it possible to replace many analog cir-
cuits with modern digital implementa-
tions, it is useful to understand classic
spectrum analyzer architecture as a
starting point in our discussion.

In later chapters, we will look at the
capabilities and advantages that digital
circuitry brings to spectrum analysis.
&KDSWHU
tures used in spectrum analyzers avail-
able today.

YLIXUH
of a superheterodyne spectrum analyz-
er. Heterodyne means to mix; that is, to
translate frequency. And super refers to
superaudio frequencies, or frequencies
above the audio range. In the Figure

6SHFWUXP $QDO\]HU )XQGDPHQWDOV

ZLOO VHH ZK\ WKH 00 W H U abhd/thk blatkidiagrdn Showh [Higure

where it mixes with a signal from the
ORFDO RVFLOODWRU /2
is a non-linear device, its output in-
cludes not only the two original signals,
but also their harmonics and the sums
and differences of the original frequen-
cies and their harmonics. If any of the
mixed signals falls within the pass band

7KH GLITHUHQFHY DUH WKDW

6 bl SpBCX VHanAlyzer iPd display
instead of a speaker, and the local
oscillator is tuned electronically rather
than by a front-panel knob.

The output of a spectrum analyzer is
an X-Y trace on a display, so let's see

RI WKH LQWHUPHGLDWH | UMHat Kidran&tion we get@rdvhHtUThe
LW LV IXUWKHU SURFHYV YV Hi@pldy R S 1:@pped-be aprig Graticule)

perhaps compressed on a logarithmic

HQYHORSH GHWHFWRU

with 10 major horizontal divisions and

GLVFXVVHV GLMADDG D UWKLLWWH¥V HQW L D @énerallyd 1o Wijar MeBtica\diwsiohs.
o0 OTWerhorizantaheibiR Ik datly calibrated

WKH ORZ SDVV oOWHU D Q & feequesc@tbathhGea$es from left

ramp generator creates the horizontal

LV D VLPSOLoHGmaererthcGishhedibpRay from left

to right. Setting the frequency is a
two-step process. First we adjust the

WR ULJKW 7KH UDPS DOV ReijuehQytMho\cKrterliRe df Bhe grati-

its frequency change is in proportion to
the ramp voltage.

If you are familiar with superhetero-

EORFN GLDJUDP ZH VH dyw KN \Hi@sQhd QR Xl receive

signal passes through an attenuator,

ordinary AM broadcast signals, you will

WKHQ WKURXJK D ORZ S D WhitemGWohyQimi@imybetween them

cule with the center frequency control.
Then we adjust the frequency range
(span) across the full 10 divisions with
the frequency span control. These con-
trols are independent, so if we change
the center frequency, we do not alter
the frequency span. Alternatively, we

RF input
attenuator

Pre-selectigor
low-pass Iter

Mixer

IF gain IF lter

Local
oscillator

Reference
oscillator

Log
amp

Envelope
detector

Video
Iter

Sweep
generator

Y

Display

YLIXUH

%ORFN GLDJUDP RI D FODVVLF VVISHUKHWHURG\QH VSHFWUXP DQDO\



can set the start and stop frequencies
instead of setting center frequency and
span. In either case, we can determine
the absolute frequency of any signal
displayed and the relative frequency
difference between any two signals.

The vertical axis is calibrated in am-
plitude. You can choose a linear scale
calibrated in volts or a logarithmic

scale calibrated in dB. The log scale

is used far more often than the linear
scale because it has a much wider us-
able range. The log scale allows signals

ZLWK D PD[LPXP DWWHQXDVMRRERIVVEHOWHU RU SUF

LQ LQFUHPHQWYV RI G%
pacitor is used to prevent the analyzer
from being damaged by a DC signal or
a DC offset of the signal being viewed.
Unfortunately, it also attenuates low-
frequency signals and increases the
minimum useable start frequency of
the analyzer to 9 kHz, 100 kHz or 10
MHz, depending on the analyzer.

In some analyzers, an amplitude refer-
ence signal can be connected as shown
LQ )LIXUH

DV IDU DSDUW LQ DPSOL WfkgGudndy ¥nd arpRude signal, used

G %
and power ratios of 10,000,000 to
10,000,000,000) to be displayed simul
taneously. On the other hand, the linear
scale is usable for signals differing

E\ QR PRUH WKDQ -WR
DJH UDWLRYV RI WR

we give the top line of the graticule,

the reference level, an absolute value
through calibration techniques! and

use the scaling per division to assign
values to other locations on the grati-
cule. Therefore, we can measure either
the absolute value of a signal or the
relative amplitude difference between
any two signals.

Scale calibration, both frequency and
amplitude, is shown by annotations

ZULWWHQ RQWR WKH GLVSOD\

shows the display of a typical analyzer.
Now, let’s turn our attention back to

the spectrum analyzer components
GLDJUDPHG LQ )LJIJXUH

RF attenuator

YROWDJH UDWLRYV RI

by théraRalyzer to periodically self-
calibrate.

G% YROW

,Q HLWKHU FDVH

JLIXUH

YLIXUH

7KH oUVW SDUW RI RXU DQDO\]HU LV WKH 5)

input attenuator. Its purpose is to en-
sure the signal enters the mixer at the
optimum level to prevent overload, gain
compression and distortion. Because
attenuation is a protective circuit for
the analyzer, it is usually set auto-
matically, based on the reference level.
However, manual selection of attenua-

WLRQ LV DOVR DYDLODEO

7KH GLDJUDP LQ )LJXUH
5) LQSXW DWWHQXDWRU FLUFXLWU\

RU HYHQ G%
is an example of an attenuator circuit

7KH EORFNLQ

J FD
7KH ORZ SDVV oOWHU EORFNYV K

guency signals from reaching the mixer.

7KLY oOWHULQJ SUHYHQWY RXMW
signals from mixing with the local oscil-

lator and creating unwanted responses

on the display. Microwave spectrum
DQDO\]JHUV UHSODFH WKH ORZ
with a preselector, which is a tun-

DEOH oOWHU WKDW UHMHFWYV D
except those we currently wish to view.

,Q &KDSWHU ZH JR LQWR PRUI

W SURY L G H&POH! tag ppargtionand purpose of the

preselector.

7\SLFDO VSHFWUXP DQDO\]HU GLVSOD\ ZLWK FRQWURO VHWWL

RF inpu>—c\_/.—i

!

Amplitude
reference
signal

0to 70 dB, 2 dB steps

YLIXUH

1. See Chapter 4, “Amplitude and Frequency Accuracy.”

10



Tuning the analyzer WXQH IURP +] WR *+] DPEMXBOO\LOOXVWUDWHY DQDO

from some low frequency because we ,Q WKLV g kXndtHyuite high
We need to know how to tune our cannot view a 0-Hz signal with this enough to cause the f; , - fg;, mixing
spectrum analyzer to the desired architecture). product to fall in the IF pass band, so

frequency range. Tuning is a function there is no response on the display. If

RI'WKH FHQWHU TUHTXHQF\| RALZWWAE ) WO /2 DW W weHadjust e Rain@generajor to tune

WKH TUHTXHQF\ UDQJH RI WiH) hqq RiRG upward fromthere  WKH /2 KLJKHU KRZHYHU WKLV

the range of frequencies allowed to W R *+] DERYH WKH ,) Z proButQuilFf&INnHH¢ IF pass band at
reach the mixer from the outside world i 4 WX QLQJ UDQJIH ZL WK sahiehboir2 oR theréivip (dweep), and

(allowed to pass through the low- mixing product. UsinS%this information,  we will see a response on the display.
SDVV oOWHU 21 DOO WKHWEQ"‘Q@I’\JEI‘%&J& ?ﬁé:é/éfu\étion:

emerging from the mixer, the two with

- The ramp generator controls both the
the greatest amplitudes, and therefore

i fsig =f,5-fir horizontal position of the trace on the
the most desirable, are those created GLVSOD\ DQG WKH /2 ITUHTXHQF\
IURP WKH VXP RI WKH /2 D\%g’relfs%§ égWaeréqLQn@yo can now calibrate the horizontal axis of

and from the difference between the f,, =local oscillator frequency, the display in terms of the input signal
/2 DQG LQSXW VLIQDO I ZH Flﬁ?Q DUUDQJH frequency.

things so that the signal we wish to

examine is either above or below the We are not quite through with the tun-
/2 TUHTXHQF\ EN WKH ) WKHQIRIPBHRRE WR GHWH U BrigQet. What Hap@enislfthe frequency
of the desired mixing products will fall guency needed to tune the analyzerto  of the input signal is 9.0 GHz? As the
ZLWKLQ WKH SDVV EDQG Ryl gy rﬁid-',)oPFRg}N-ﬁeHuQr&éignal /2 WXQHV WKURXJK LWV WR
be detected to create an amplitude VD\  N+] *+] RU *+]JUDZHH LW UHDFKHV D IUHTXHQ
response on the display. ZRXOG oUVW UHVWDWH W kKthvhithXitQsLtie@ JF levia) Do thie @.0-
in terms of f GHz input signal. At this frequency we
‘H QHHG WR SLEN DQ /2 'UHTXHQF( DQG have a mixing product that is equal to

an IF that will create an analyzer with B%: g + f'EN . the IF, creating a response on the dis-
WKH GHVLUHG WXQLQJ UD H*™/HWjV DVVXPH play. In other words, the tuning equa-

that we want a tuning range from 0 to Then we WOUId;?,F‘ly the numbers for tion could just as easily have been:

"+ _:H WKHQ QHHG WR RK &EY HndY the tuning equa-
) THWjV WUV D *+],) %HERXVH WKLV

frequency is within our desired tuning

ratmlggHwe'l(':t?md htavf afn input siglnal f,,=1kHz +5.1 GHz = 5100001 GHz  This equation says that the architec-

a Z. [he output of a mixer also _ _ WXUH RI )LIXUH FRXOG DOVR
includes the original input signals, so f;2=15GHz +5.1 GHz = 6.6 GHz or WXQLQJ J DQJH IURP W R x
an input signal at 1 GHz would give f,, *+] *+] *+]

us a constant output from the mixer
at the IF. The 1-GHz signal would thus
pass through the system and give us

fie = intermediate frequency (IF)

fsig=T 2% fie

Freq range
A| of analyzer

a constant amplitude response on the i

IF
| 1
display regardless of the tuning of the : E :
/2 7KH UHVXOW ZRXOG EH : —®— | I
frequency range at which we could not : : |

properly examine signals because the / f \ f
amplitude response would be indepen- flo— fSig © flo+ fsig
GHQW RI WKH /2 IUHTXHQHF
1-GHz IF will not work. Freq range

of analyzer Freq range of LO

Instead, we choose an IF that is above

the highest frequency to which we wish

to tune. In the Keysight X-Series signal

DQDO\|HUV WKDW FDQ WX

WKH oUVW /2 ITUHTXHQF\ U
*+] DQG WKH ,) FKRVHQQ

5.1 GHz. Remember that we want to

JLIXUH 7KH /2 PXVVY+EHtoWrddde @ rédfdnse on the display

,Q WKH WH[W ZH URXQG RIlI VRPH RI WKH IRKJIKNQXH MEDIFWHY DR X WAL DIGL ¥ KW X QDIOQVW KH 0JXUHYV

11



only if we allow signals in that range analyzer. The full tuning equation for /2 IHHGWKURXJK FDQ PDVN YHL

to reach the mixer. The job of the input this analyzer is: frequency signals, so not all analyzers

ORZ SDVV oOWHU LQ YLJXUH LV WR SUH allow the display range to include 0 Hz.

vent these higher frequencies from get- fsig =f,, =, +1,, + fOQ bb )

ting to the mixer. We also want to keep IF gain

signals at the intermediate frequency However,

itself from reaching the mixer, as previ- SHIHUULQJ EDFN WR _) LIXUH
RXVO\ GHVFULEHG VR WKHIZOFR/% -S[%MIyOO,pWHU thenextcomponentoftheblock dia

must do a good job of attenuating sig- *4] 0+] 0+] JUDP '—_V D YD_ULDE_QH JDLQ DPS
nals at 5.1 GHz as well as in the range used to adjust the vertical position of

IURP WR *4] *+] WKH oUVW ) signals on the display without affect
o ] . ing the signal level at the input mixer.
Simplifying the tuning equation by us When the IF gain is changed, the
LQJ MXVW WKH oUVW ) OHRA@ ¥ the/reéBncd KAl ¥ rfafbed
would choose an IF above the high- g 8 I\—|/ ZVHKURVZ Q$ (E(\SV E‘F;;((d I:| RQO hc@o@d‘rﬁ@é}-tb’ r"étd?nq%{ H)Héé_t indk-
est frequency of the tuning range. We \Welted VR tReisplayed signals.

RO HRHQWD WLRQ LQFO X&ReYalp fe>§ h& Fldithr&er-
ZRXOG PDNH WKH /2 WXQD | |f-|’ !
IF to the IF plus the upper limit of the E8?‘N < Q B\Uﬁ_{R ZHU ) VW Ddite/evd Ko tnatg@khenlwe change

) . section contains additional compo ; ;
tuning range and include a low-pass p the input attenuator, so the settings

0OWHU LQ IURQW RI WKH P;%;Q(SUWV B A E Oy R P P YL Vetelipubetientdkd? Brid thetgain

-to\{\(ljljéi%I converters, d%éend- are coupled together.

In summary, we can say that for a
single-band RF spectrum analyzer, we

below the IF. ing on the design of the particular
. analyzer. o ; ;

To separate closely spaced signals (see . A change in input attenuation will
“Resolving signals” later in this chap- Most RE spectrum analvzers allow automatically change the IF gain to
ter), some spectrum analyzers have IF P y offset the effect of the change in input

i . DQ /2 TUHTXHQF\ DV ORZ Dé(ten@a@(ﬁ, M&é‘b@keeping the signal
bandwidths as narrow as 1 kHz; others, EHORZ WKH oUVW .) %HF \ _ _
10 Hz; still others, 1 Hz. Such narrow ' R¥a\cbhsthft Pdditlor-on the display.

0OWHUV DUH GLIOFXOW WRSO%E%'EVFR\)?@H%;F&&W%{&:?S I;NSKSHH,/DZUSQDGW')

frequency of 5.1 GHz, sowe mustadd |/ b [HU RXWSXW :KHQ WKH /2 HTXDOV

additional mixing stages, typically WKH ,) WKH /2 VLIJQDO LWVHOI LV SURFHVVHG
two to four stages, to down-convert

he system a ears as a re-
IURP WKH oUVW WR WKH o 68y Ldyg(?ﬂzi o
. . sponse bh thedisplay, as if it were an
shows a possible IF chain based on . . .
. . input signal at 0 Hz. This response, the
the architecture of a typical spectrum

Y

J)LIXUH ORVW VSHFWUXP DQDO\JHUV XVH WZRQWE& |RXU PL[LQJ VWHSV WR UHDFK WKH o

12



Resolving signals

$IWHU WKH
IF section, which consists of the analog
or digital resolution bandwidth (RBW)
0OOWHUV RU ERWK

$QDORJ 0OWHUV

Frequency resolution is the ability of

a spectrum analyzer to separate two
input sinusoids into distinct responses.
Fourier tells us that a sine-wave signal
only has energy at one frequency, so
we should not have any resolution
problems. Two signals, no matter how
close in frequency, should appear as
two lines on the display. But a closer
look at our superheterodyne receiver
shows why signal responses have

) JDLQ DPSO La%&'dﬁfe%ﬁte%%&cwm the two

D GHoOQLWH ZLGWK RQ W KHWG sigh&8Onmust be Karenough apart
output of a mixer includes the sum or the traces they make will fall on top
of each other and look like only one
RULJLQDO VLJQDOV LQSXWs6 Haztundelf, Bpadirum ana-
SDVV 0OWHU GHWHUPLQH 2k KHave §piackabldreisalittDmA)
IUHTXHQF\ DQG WKLV oOWHWWHHGHMRWWLWHKH XVXDOO\ SR\
desired mixing product and rejects all one narrow enough to resolve closely
other signals. Because the input signal spaced signals.
LV o[HG DQG WKH ORFDO RVFLOODWRU LV VZHSW
the products from the mixer are also Keysight data sheets describe the
swept. If a mixing product happens to ability to resolve signals by listing the
sweep past the IF, the characteristic G% EDQGZLGWKY RI WKH DYDL
VKDSH RI WKH EDQGSDVV oOWHU\LV/WUDRKE@EHU WHOOV )
RQ WKH GLVSOD\ 6HH }LJXddéther equalkahhpl@udéJsinusoids can
URZHVW oOWHU LQ WKH F K&anQ sl Havdsahved. @ kthis cask, H
overall displayed bandwidth, and in the WKHUH ZLOO EH DERXW D
DUFKLWHFWXUH R1 )LJXU Hthe twoWeéks\raz&l\diit by thege
LQ WKH 0+] ,) VLIQDOV 6HH )LIXUH

can be closer together before their

G% (

7TKH VI

~
"
~
"

~
I~
L~
~
"

\\
N
=
I~
L1

/| .4 AN J \

YLIXUH

JLIXUH
can be resolved.

7ZR HTXDO DPSOLWXGH VLQXVRLGVH/O-II-SFD\MIEDWH)GOBWIUH

$V D PL[LQJ SURGXFW VZHHSV SDYV WHWKRQ, WKMHWGILW SO oOWHU VKDSH LV WUDF

If you experiment with resolu-

tion on a spectrum analyzer using

the normal (rosenfell) detector

mode (See “Detector types” later

in this chapter) use enough video

0oOWHULQJ WR FUHDWH D VPRRWK W
Otherwise, you will see smearing as

the two signals interact. While the

smeared trace certainly indicates

the presence of more than one

VLIQDO LW LV GLIOFXOW WR GHWH!
amplitudes of the individual signals.

Spectrum analyzers with positive

peak as their default detector mode

may not show the smearing effect.

You can observe the smearing

by selecting the sample detector

G% %: RI WKH V

13



WUDFHV PHUJH FRPSOHWHO\ EXW WKH G%
bandwidth is a good rule of thumb for
resolution of equal-amplitude signals .

More often than not, we are dealing
with sinusoids that are not equal in
amplitude. The smaller sinusoid can
actually be lost under the skirt of the
response traced out by the larger. This
HITHFW LV LOOXVWUDWHG LQ )LIJXUH 7KH
top trace looks like a single signal, but
in fact represents two signals: one
DW 0+] G%P DQG DQRWKHU DW
0+] g G%P 7KH ORZHU
WUDFH VKRZV WKH GLVSOD\ DIWHU WKH
MHz signal is removed.

$QRWKHU VSHFLOFDWLRQ LV OLVWHG IRU WKH
UHVROXWLRQ oOWHUV EDQGZLGWK VHOHFWLYLW\
(or selectivity or shape factor). Band
width selectivity helps determine the
resolving power for unequal sinusoids.
For Keysight analyzers, bandwidth se-
OHFWLYLW\ LV JHQHUD-OO\ VSHFLOHG DV WKH UD
WLR RI WKH G% EDQGZLGWK WR WKH G %
EDQGZLGWK DV VKRZQ LQ )LJXUH

7KH DQDORJ oOWHUV LQ .H\WLJKW DQDO\]JHUV

are a four-pole, synchronously tuned

design, with a nearly Gaussian shapt

7KLV W\SH Rl oOWHU H[KLELWYV D EDQGZLGWK
VHOHFWLYLW\ RI DERXW

For example, what resolution band
width must we choose to resolve

JLIXUH %DQGZLGWK VHOHFWLYLW\

UDWLR RI

G%

WR

JLIXUH $ ORZ OHYHO VLJQDO FDQ EH ORVW XIGI®HWL WXIHOVNLUW RI WKH

G% EDQGZLG\

4. 6RPH ROGHU VSHFWUXP DQDO\]JHU PRGHOV XNWW XN BROW LRCWHYGIRUWGWKM YRUSIRZYLGH LPSURY
ORGHUQ GHVLJQV DFKLHYH HYHQ EHWWHWEDQEGEADGMWK WHOHFWLYLW\ XVLQJ GLJL

14



VLIQDOV WKDW GLIIHU E\' N+] DQG G %
DVVXPLQJ EDQGZLGWK VHOHFWLY

ity? Because we are concerned with

rejection of the larger signal when the

analyzer is tuned to the smaller signal,

we need to consider not the full band-

width, but the frequency difference

IURP WKH oOWHU FHQWHU IUHTXHQF\ WR WKH
skirt. To determine how far down the

OoOWHU VNLUW LV DW D JLYHQ RIIVHW ZH XVH
the following equation:

+ q 1 10CR Jo)l + 1]
Where
+ | LV WKH oOWHU VNLUW UHMHFWLRQ LQ G%

1LV WKH QXPEHU RI oOWHU SROHV
I LV WKH I[UHTXHQF\ RIITVHW IURP WKH

center in Hz, and

L RBW
fyis given by —
-1 JLIXUH 7KH N+] oOWHU WRS WUDFH GFHWBRREWFUQY RKHH-UHK/R RO
width to 1 kHz (bottom trace) does

JRU RXU H[DPSOH 1 DQG |
/JHWjV EHJLQ E\ WU\LQJ WKH N+] 5%:
0OWHU "LILWDO oOWHUV PL[LQJ SURGXFW LQYROYLQJ Wt

First, we compute f;: o was no point in having resolution band-
Some spectrum analyzers use digital widths narrower than 1 kHz because it

techniques to realize their resolu- was impossible to determine the cause

WLRQ EDQGZLGWK oOWHugfahg,igtg_\émtgpom%\(@%%y

1RZ ZH FDQ GHWHUPLQH V\'/:IPIQOSdJ MbGlJ-lH PI—|SFF“JWDQW ERQHoWY
. . as dramatically improved bandwidth
tion at a 4-kHz offset:

selectivity. The Keysight PSA and X-
Series signal analyzers implement all

However, modern analyzers have
dramatically improved residual FM. For

H(4000) = -10(4) logo > +1] ) . o example, residual FM in Keysight PXA
v G% resolution bandwidths dlgltal_ly. Other 6HULHY DQDO\]HUV LV QRPLQDC
analyzers, such as the Keysight ESA-E  j, pga series analyzers, 1 to 4 Hz; and

Series, take a hybrid approach, using LQ (63 6HULHV DQDO\]HUV W R

This is not enough to allow us to see DQDORJ 0OWHUV IRU WKH . .
WKH VPDOOHU VLIQDO /HWp/gGHWHNBBEdbwHUYV |Rﬁg§§%d@%ﬁé\i‘fﬁiﬁ&nwe

+ | DJIDLQ XVLQJ D N+ Q?Wb@ EHORZ S5HIHU WR %é@oﬁ}:{vs e%trun#gr{ﬁl zer today is

PRUH LQIRUPDWLRQ RQ G W H:
(- 108,01 114048 L& 3 REAn QO RRGHiRY!.
7KLV DOORZV XV WR FDOF)J%eSWIlil-FII\/!/:Mﬂ oOWHU
rejection: The instability and residual FM of the

/2V LQ DQ DQDO\]HU SDUWLFXODUO\ WKH
H(4000) = -10(4) logo[(4000/1149.48) + 1] oUuvw /2 RIWHQ GHWHUPLQH WKH PLQLPXP
¥ G % usable resolution bandwidth. The un-
stable YIG (yttrium iron garnet) oscilla-
Thus, the 1-kHz resolution bandwidth tor used in early analyzers typically had
0OWHU GRHV UHVROYH W Kateside@® ENOAfldbowt 1 kKQZD BecabDsé
LOOXVWUDWHG LQ )LJXU Hthis instability was transferred to any

15



Phase noise

No oscillator is perfectly stable. Even

though we may not be able to see

the actual frequency jitter of a spec

WUXP DQDO\]HU /2 VAIVWHP WKHUH LV VWLOO
D PDQLIHVWDWLRQ RI WKH /2 ITUHTXHQF\ RU
phase instability that can be observed.

This is known as phase noise (some

times called sideband noise).

All are frequency or phase modulated

by random noise to some extent. As

previously noted, any instability in

WKH /2 LV WUDQVIHUUHG WR DQ\ PL[LQJ
SURGXFWYV UHVXOWLQJ IURP WKH /2 DQG
LQSXW VLIQDOV 6R WKH /2 SKDVH QRLVH
modulation sidebands appear around

any spectral component on the display

that is far enough above the broadband

QRLVH pRRU RI WKH VA\VWHP )LJXUH

The amplitude difference between a

displayed spectral component and the JLIXUH 3KDVH QRLVH LV GLVSOD\HG RQO\ ZKHQ D VLJQDO LV GLVSOD\HG |
phase noise is a function of the stability

RIWKH J2 7KH PRUH VWDERIMWE ddn s&¥ thEinherent — Optimize phase noise for fre-

lower the phase noise. The amplitude phase noise of a spectrum analyzer quency offsets > 160 kHz from the

dlfferepce is also.a function of the RQO\ LQ WKH QDUURZHU UHVRQX %E%&j@dﬂt\%'ﬂe}é Hhase

resolution bandwidth. If we reduce the when it obscures the lower skirts of Haise for offsets above 160 kHz

resolution bandvx_/idth by a factor of.10, WKHVH 0OWHUV 7KH XVH RI X%Mroﬁllthklc\ﬂr%p
the level of the displayed phase noise oo wWHUV SUHYLRXVO\ GHVFULEHG GRHV QRW

decreases by 10 dB. FKDQJH WKLV HITHFW )RU ZLhihed® WHddMunWyK H
) SKDVH QRLVH LV KLGGHQ XQG WK O
The shape of the phase noise spec- Kirt i in th f | : kJW_Q kLY _FW?H;LH L V_ VHOHFWI
. . . skirt, just as in the case of two unequa behavior compromises phase noise
trum is a function of analyzer design, sinusoids discussed earlier Il off ¢ h ior bel
in particular, the sophistication of the at all offsets from the carr\ler elow
phase-lock loops employed to stabilize Today’s spectrum or signal analyz- DS S UR[LPDWHO ) 0 J:j] 7KLV P
WKH /2 ,Q VRPH DQDO\]H UeYs s@cﬁ minimizes measurement time an

V) 3! D X-Series, aIIow allows the maximum measurement

QRLVH LV D UHODWLYHO\ pBW \ﬁﬁ% Q RXW, W Ry QW KoM RGN R

the bandwidth of the.stablllzmg loop. In modes to optimize the phase noise for center frequency or span.
others, the phase noise may fall away different measurement conditions. For

as a function of frequency offset from example, the PXA 3|gnal analyzer offers

WKH VLIQDO 3KDVH QRLVE LV SHELHG

terms of dBc (dB relative to a carrier)

and normalized to a 1-Hz noise power — Optimize phase noise for fre-

bandwidth. It is sometimes speci- quency offsets < 140 kHz from

OHG DW VSHFLOF IUHTXHQF\ RELYHWN MG WKLY PRGH WKH /2
other times, a curve is given to show phase noise is optimized for the

the phase noise characteristics over a area close in to the carrier at the

range of offsets. expense of phase noise beyond

140-kHz offset.

5. 7KH HIIHFW LV WKH VDPH IRU WKH EURDGEDQG QPIOVH6HRREKRSVWHU E KBBQFDYE YQRVL\VHQGL I RLVH
16



JLIXUH D 3KDVH QRLVH SHUIRUPDQFH FDR EH REWAWPH]HGEIRU WD LIX RH QWK HP H

surement conditions

The PXA signal analyzers phase noise

optimization can also be set to auto

mode, which automatically sets the in-

strument’s behavior to optimize speed

or dynamic range for various operating

conditions. When the span is > 44.44

MHz or the RBW is > 1.9 MHz, or the

source mode is set to “Tracking,” the

PXA selects Fast Tuning mode. Other-

wise, the PXA automatically chooses

Best Close-In Phase Noise when center

frequency < 195 kHz, or when center
IUHTXHQF\ 0+] DQG VSDQ 0+]
DQG 5%: N+] ,1 WKHVH FRQGL
tions are not met, the PXA automati-

cally chooses Best Wide-Offset Phase JLIXUH
Noise. These rules apply when you use

swept spans, zero span or

FFT spans.

In any case, phase noise becomes the

ultimate limitation in an analyzer’s

ability to resolve signals of unequal

DPSOLWXGH $V VKRZQ LQ )LJXUH
we may have determined that we can

UHVROYH WZR VLIQDOV EDVHG RQ WKH
EDQGZLGWK DQG VHOHFWLYLW\ RQO\ WR 0QG

that the phase noise covers up the
smaller signal.

17
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Sweep time
$QDORJ UHVROXWLRQ oOWHUYV

If resolution were the only criterion on

which we judged a spectrum analyzer,

we might design our analyzer with the

QDUURZHVW SRVVLEOH UHVROXWLRQ ,) oOWHU
and let it go at that. But resolution af-

fects sweep time, and we care very much

about sweep time. Sweep time directly

affects how long it takes to complete a

measurement.

Resolution comes into play because the

,) oOOWHUVY DUH EDQG OLPLWHG FLUFXLWV WKDW
UHTXLUH oQLWH WLPHVY WR FKDUJH DQG GLV
charge. If the mixing products are swept

through them too quickly, there will be

a loss of displayed amplitude, as shown

LQ )LIXUH 6HH K(QYHORSH GHWHFWRU y
later in thischapter foranotherap- JLIXUH 6ZHHSLQJ DQ DQDO\]JHU WRR IDVWWXDOXKN HDWQ G B UKL IV I VYGD]
! frequency

proach to IF response time.) If we think

about how long a mixing product stays

LQ WKH SDVV EDQG RI WKH ,) oOWHU WKDW WLPH
is directly proportional to bandwidth and

inversely proportional to the sweep in Hz ~ 1h€ important message here is that

per unit time, or: a change in resolution has a dramatic

effect on sweep time. Older analog ana-
Time in pass band = O\]JHUV W\SLFDOO\ SURYLGHG YDOXHV LQ D

10 sequence or in ratios roughly equal

RBW — (RBW)(ST) ing the square root of 10. So sweep time

Span/ST Span was affected by a factor of about 10
Where with each step in resolution. Keysight X-
RBW = resolution bandwidth and Series signal analyzers offer bandwidth
ST = sweep time. steps of just 10% for an even better

compromise among span, resolution and
On the other hand, the rise time of sweep time.

D oOWHU LV LQYHUVHO\ SURSRUWLRQDO WR LWV
bandwidth, and if we include a constant Spectrum analyzers automatically couple
of proportionality, k, then: sweep time to the span and resolu-

tion bandwidth settings. Sweep time is
adjusted to maintain a calibrated display.
If the need arises, we can override

If we make the terms equal and solve for the automatic setting and set sweep

k

Rise time = "RBW

sweep time, we have: time manually. If you set a sweep time
K (RBW)(ST) longer than the maximum available, the
RBW = W analyzer indicates that the display is
uncalibrated with a
or ST = _K.(Span) “Meas Uncal” message in the upper-right
RBW part of the graticule.

For the synchronously-tuned, near-

*DXVVLDQ oOWHUV XVHG LQ PDQ\ DQDORJ
DQDO\]HUV WKH YDOXH RI N LV LQ WKH WR
range .

18



'LIJILWDO UHVROXWLRQ oOWHUYV

7KH GLJLWDO UHVROXWLRQ oOWHUV XVHG LQ
Keysight spectrum analyzers have an

effect on sweep time that is different

from the effects we've just discussed

IRUDQDORJ oOWHUYV )RU VZHSW DQDO\VLYV

the speed of digitally implemented

oOWHUV ZLWK QR IXUWKHU SURFHVVLQJ FDQ
show a two to four times improvement.

However, the X-Series signal analyzers

with Option FS1 are programmed to

correct for the effect of sweeping too

fast for resolution bandwidths between

DERXW N+] DQG N+] $V D UHVXOW
sweep times that would otherwise

be many seconds may be reduced

to milliseconds, depending upon the

SDUWLFXODU VHWWLQJYV 6HH )LIJXUH D
The sweep time without the correction

ZRXOG EH VHFRQGV )LJXUH E

shows a sweep time of 1.506 s with YJLIXUH D )XOO VSDQ VZHHS VSHHG 5%: Rl N+] ZLWKRXW 2SWLRQ )6
Option FS1 installed. For the widest

resolution bandwidths, sweep times are

already very short. For example, using

WKH IRUPXOD ZLWK N RQ D VSDQ RI

1 GHz and a RBW of 1 MHz, the sweep

WLPH FDOFXODWHY WR MXVW PVHF

For narrower resolution bandwidths,
analyzers such as the Keysight X-Series
use fast Fourier transforms (FFTs) to
process the data, also producing short-
er sweep times than the formula pre-
dicts. The difference occurs because
the signal being analyzed is processed
in frequency blocks, depending upon
the particular analyzer. For example,

if the frequency block was 1 kHz, then
when we select a 10-Hz resolution
bandwidth, the analyzer is in effect
simultaneously processing the data in
each 1-kHz block through 100 contigu-

RXV +] oOOWHUV I WKH GLJLWDO SURFHVYV
ing were instantaneous, we would
expect sweep time to be reduced by a YJLIXUH E )XOO VSDQ VZHHS VSHHG 5%: RI N+] ZLWK 2SWLRQ )6

factor of 100. In practice, the reduction
IDEWRU LV OHVYV EXW LV VWINONO V1 101 nENNOW \RII
more information on the advantages of More information

GLJLWDO SURFHVVLQJ UH
A more detailed discussion about fast sweep measurements can be found in

Using Fast-Sweep Techniques to Accelerate Spur Seégpplieation Note, litera-
WXUH QXPEHU (1
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Envelope detectol

Older analyzers typically converted

the IF signal to video with an enve-

lope detector. In its simplest form, an
envelope detector consists of a diode,
UHVLVWLYH ORDG DQG OR
VKRZQ LQ )LIJXUH 7KH
IF chain in this example, an amplitude
modulated sine wave, is applied to the
detector. The response of the detector
follows the changes in the envelope of
the IF signal, but not the instantaneous
value of the IF sine wave itself.

For most measurements, we choose a
resolution bandwidth narrow enough
to resolve the individual spectral
components of the input signal. If we
of] WKH IUHTXHQF\ Rl WKH
analyzer is tuned to one of the spectral
components of the signal, the output
of the IF is a steady sine wave with a
constant peak value. The output of
the envelope detector will then be a
constant (DC) voltage, and there is no
variation for the detector to follow.

However, there are times when we
deliberately choose a resolution band
width wide enough to include two or
more spectral components. At other
times, we have no choice. The spectral
components are closer in frequency
than our narrowest bandwidth. As-
suming only two spectral components
within the pass band, we have two sine
waves interacting to create a beat note,
and the envelope of the IF signal varies,
DV VKRZQ LQ )LJXUH
between the two sine waves varies.

More information

Additional information on envelope
detectors can be found inSpectrum

and Signal Analyzer Measurements and
Noise-Application Nqtkterature

number 5966-4008E.

DG\VV?APRQI—F%"W@%W It_pese two signals

Z SbVV oOWHU DV
RXWSXW RI WKH
JLIXUH (QYHORSH GHWHFWRU
« ANA
12V DW RXU
YLIXUH 2XWSXW Rl WKH HQYHORSH GHWHFMRU IROORZV WKH SHDNV R

7KH ZLGWK RI WKH UHYVR O ¥i¥kLar&uatibn @@ to the roll-off of
ter determines the maximum rate at W K H % Theathalyzer display will vary
which the envelope of the IF signal can  petween a value that is twice the volt-
change. This bandwidth determines age of either (6 dB greater) and zero
how far apart two input sinusoids can PLQOXV LQoQLW\ RQ WKH ORJ VF
be so that after the mixing process they  must remember that the two signals
ZLOO ERWK EH ZLWKLQ WKd‘ﬂegi@\Mﬂé{;(DéMoh@)Iﬁﬂ-ﬁiﬁéQxﬁH
WLPH /HWjV DVVXPH D fledquertfed) &hd. 3o they continually
and a 100-kHz bandwidth. Two input change in phase with respect to each
signals separated by 100 kHz would other. At some time they add exactly in
SURGXFH PL[LQJ SURGXFWphaRet at anotheQdzactly out of phase.
0+] DQG ZRXOG PHHW WKH FULWHUL

RQ 6HH )LIJXUH 7KH G B\ eWdiode Befe¥idf follows the
be able to follow the changes in the changing amplitude values of the peaks
of the signal from the IF chain but not
0+] ,) VLb&iksaniaMédud @lues, resulting

in the loss of phase information. This
The envelope detector is what makes gives the analyzer its voltmeter charac-
the spectrum analyzer a voltmeter. teristics.
/IHWjV GXSOLFDWH WKH VLWXDWLRQ DERYH DQG
have two equal-amplitude signals in Digitally implemented resolution band-
the pass band of the IF at the same widths do not have an analog envelope
time. A power meter would indicate a detector. Instead, the digital processing
SRZHU OHYHO  G% DERY HcbhipWdsithe robt sl Bithe squares
that is, the total power of the two. of the | and Q data, which is mathemat-
Assume that the two signals are close  ically equivalent to an envelope detec-
enough so that, with the analyzer tuned  tor. For more information on digital
half-way between them, there is negli- DUFKLWHFWXUH UHIHU WR &KD

EXW QRW WKH

6.

8.

The envelope detector should not be confused with the disphadetectors. See “Detector types” later inthis chapter.
A signal whose frequency range extends from zero (DC) to some ppr frequency determined by the circuit elements. Historicdly, spectrum analyz-

HUV ZLWK DQDORJ GLVSOD\V XVHG WHKIpWMNWIRROS®RVWHNW RH WKH & 57U @ILEFDPW®N R+WIQIFKHDDW ZDV NQ

JRU WKLV GLVFXVVLRQ ZH DVVXPH WIODWOWHU LV SHUIHFWO\ UHFWDQJ
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Displays

8S XQWLO WKH PLG
analyzers were purely analog. The
displayed trace presented a continu
ous indication of the signal envelope,
and no information was lost. However,
analog displays had drawbacks. The
major problem was in handling the
long sweep times required for narrow
resolution bandwidths. In the extreme
case, the display became a spot that
moved slowly across the cathode ray
tube (CRT), with no real trace on the
display. So a meaningful display was
not possible with the longer sweep
times.

<

Keysight (part_of Hewlett-Packard

V. % iillngt %Signeered a variable-
persistence storage CRT in which
we could adjust the fade rate of the
display. When properly adjusted,
the old trace would just fade out at
the point where the new trace was
updating the display. This display was
continuous, had no flicker and avoided
confusing overwrites. It worked quite
well, but the intensity and the fade
rate had to be readjusted for each
new measurement situation. When
digital circuitry became affordable
LQ WKH PLG \Y

to use in spectrum analyzers. Once a

trace had been digitized and put into

memory, it was permanently available

for display. It became an easy matter

WR XSGDWH WKH GLVSOD\ DW D
rate without blooming or fading. The

data in memory was updated at the

sweep rate, and since the contents of

memory were written to the display at

D pLFNHU IUHH UDWH ZH FRXOC
updating as the analyzer swept through

its selected frequency span just as we

could with analog systems.

LW ZDV TXLFNO\ SXW

YLIXUH
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Detector types

With digital displays, we had to decide
what value should be displayed for
each display data point. No matter
how many data points we use across
the display, each point must represent
what has occurred over some frequen-
cy range and, although we usually do
not think in terms of time when dealing
with a spectrum analyzer, over some
time interval.

Itis as if the data for each interval is
thrown into a bucket and we apply
whatever math is necessary to extract
the desired bit of information from our
input signal. This datum is put into
memory and written to the display. This

SURFHVV SURYLGHY JUHDW pH[LELOLW\

Here we will discuss six different
detector types.

,Q JLIXUH
data from a span and timeframe that
is determined by these equations:

Frequency:

bucket width = span/(trace points — 1)
Time:

bucket width = sweep time/(trace points — 1)

The sampling rates are different for
various instruments, but greater ac-
curacy is obtained from decreasing

the span or increasing the sweep time
because the number of samples per
bucket will increase in either case. Even
in analyzers with digital IFs, sample
rates and interpolation behaviors

are designed to be the equivalent of
continuous-time processing.

The “bucket” concept is important, as it
will help us differentiate the six detec-
tor types:

— Sample

— Positive peak (also simply called

peak)

— Negative peak

— Normal

— Average

— Quasipeak

JLIXUH
lisecond time span

(DFK RI WKH WUDFH SRLQWV EXERHWAD FRVBUY D PING] IL

HDFK EXFNHW FRQWDLQV

< One bucket >

Positive peal®

Negative peak

JLIXUH 7KH WUDFH SRLQW VDYHG LQ PHPRUWLWEPVHG RQ WKH GHWH]I

peak, and negative peak are easy to display an analog system as faithfully

understand and are visually represented as possible using digital techniques.

LQ )LJXUMormal, average,and /IHWjV LPDJLQH WKH VLWXDWLRC(
quasipeak are more complex and willbe )LJXUH ‘H KDYH D GLVSOD\ W
discussed later. tains only noise and a single CW signal.

/HWjV UHWXUQ WR WKH TXHVWLRQ RI KRZ WR

7KH oUVW WKU KdthpHWHFWRUYV
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Sample detection

$V D oUVW PHWKRG OHW XV VLPSO\ VHOHFW

the data point as the instantaneous

level at the center of each bucket
VHH )LIJXUH 7KLV LV WKH VDPSOH

detection mode. To give the trace a

continuous look, we design a system

that draws vectors between the points. YLIXUH 6DPSOH GLVSOD\ PRGHLIXUBJ SRROMWWERLQWY SURGXFH D GL

&RPSDULQJ )LIJXUH ZLWKR GLVSOR\ WKH VLIQDO VKRZQ to@n)dnalsgdisplay

appears that we get a fairly reason-

able display. Of course, the more points

there are in the trace, the better the

replication of the analog signal will be.

The number of available display points

can vary for different analyzers. On

X-Series signal analyzers, the number

of display points for frequency domain

traces can be set from a minimum of 1

point to a maximum of 40,001 points.

$V VKRZQ LQ )LJIXUH PRUH SRLQWYV

do indeed get us closer to the analog

signal.

While the sample detection mode

does a good job of indicating the

randomness of noise, it is not a good

mode for analyzing sinusoidal signals.

If we were to look at a 100-MHz comb

on a Keysight PXA, we might set it to

VSDQ IURP WR *+] (YHQ ZLWK

1,001 display points, each display

point represents a span (bucket) of LIXUH D $ 0+] VSDQ RI D N+] FRPE LQ WKH VDPSOH GLVSOD\ PRGH
0+] 7KLV LV IDU ZLGH WKDQ WKH

maximum 8-MHz resolution bandwidth.

As a result, the true amplitude of a

comb tooth is shown only if its mixing

product happens to fall at the center

of the IF when the sample is taken.

JLIXUH D VKRZV D 0+] VSDQ
ZLWK D +] EDQGEdnp&/ K XVLQJ
detection. The comb teeth should be

relatively equal in amplitude, as shown

LQ )LIJXUH feakxiatectoh).
Therefore,sample detection does not

catch all the signals, nor does it neces-

VDULO\ UHpHFW WKH WUXH SHDN YDOXHV RI
the displayed signals. When resolution

bandwidth is narrower than the sample

interval (the bucket width), sample

mode can give erroneous results.

JLIXUH E 7KH DFWXDO FRPE RYHU D 0+] VBWQRQ/LQJ SHDN SRVLWLY
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Peak (positive) detection

One way to insure that all sinusoids
are reported at their true amplitudes is
to display the maximum value en-
countered in each bucket. This is the
positive peak detection mode, or peak.

Negative peak detection

Negative peak detection displays the
minimum value encountered in each
bucket. It is generally available in most
spectrum analyzers, though it is not
used as often as other types of detec-

7KLV PRGH LV LOOXV W U D Wah@itfeentiatg CW from Enpulsive

Peak is the default mode offered on
many spectrum analyzers because it
ensures that no sinusoid is missed,
regardless of the ratio between resolu-
tion bandwidth and bucket width.
However, unlike sample mode, peak
does not give a good representation of
random noise because it only displays
the maximum value in each bucket and
ignores the true randomness of the
noise. So spectrum analyzers that use
peak detection as their primary mode
generally also offer sample mode as an
alternative.

JLIXUH D 1RUPDO PRGH

signals in EMC testing is one applica-
tion where negative peak detection is
YDOXDEOH
we will see how negative peak detec-

Normal detection

To provide a better visual display of
random noise than offered bypeak
mode and yet avoid the missed-signal
problem of the sample mode, the nor-
mal detection mode (informally known
as rosenfelP mode) is offered on many
spectrum analyzers. Should the signal
both rise and fall, as determined by the

/IDWHU LQ WK Lposhi®peak &b nehdtivg pedk \detec-

WRUV WKH DOJRULWKP FODVVL

WLRQ LV DOVR XVHG LQ V0Iad@o3® LGHQWLOFDWLRQ

routines when you use external mixers
for high-frequency measurements.

YLIXUH

In that case, an odd-numbered data
point displays the maximum value
encountered during its bucket. And an
even-numbered data point displays the
minimum value encountered during its
EXFNHW 6HH ) NdrxblEnd
sample modes are compared in Figures
D DQG 10 E

E 6DPSOH PRGH

9. Rosenfell isnot a person’s name but rather a description of ta algorithm that tests to see if the signal rose and fell within tke bucket represented
by a given data point. Itisalso sometimes written as “rose’fiell.”

10. Because ofits usefulness in measuring noise, theample detector is usually used in “noise marker” applications. Sintarly, the measurement of
channel power and adjacent-channel power requires a detectotype that gives results unbiased bypeak detection. For analyzers without averag
ing detectors, sample detection isthe best choice.
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What happens when a sinusoidal sig

nal is encountered? We know that as

a mixing product is swept past the IF

oOWHU DQ DQDO\]HU WUDFHV RXW WKH VKDSH
RI WKH oOWHU RQ WKH GLVSOD\ ,I| WKH oOWHU
shape is spread over many display

points, we encounter a situation in

which the displayed signal only rises

as the mixing product approaches the

FHQWHU IUHTXHQF\ RI WKH oOWHU DQG RQO\
falls as the mixing product moves away

IURP WKH oOWHU FHQWHU IUHTXHQF\ ,Q HL
ther of these cases, the positive-peak

and negative-peak detectors sense an

amplitude change in only one direc-

tion, and, according to the normal

detection algorithm, the maximum

value in each bucket is displayed. See

JLIXUH

What happens when the resolution
bandwidth is narrow, relative to a
bucket? The signal will both rise and
fall during the bucket. If the bucket
happens to be an odd-numbered

one, all is well. The maximum value
encountered in the bucket is simply
plotted as the next data point. How
ever, if the bucket is even-numbered,
then the minimum value in the bucket
is plotted. Depending on the ratio of
resolution bandwidth to bucket width,
the minimum value can differ from

the true peak value (the one we want
displayed) by a little or a lot. In the
extreme, when the bucket is much wider
than the resolution bandwidth, the dif
ference between the maximum and mini
mum values encountered in the bucket
is the full difference between the peak
signal value and the noise. This is
WUXH IRU WKH H[DPSOH LQ )LJXUH

See bucket 6. The peak value of the

previous bucket is always compared to

that of the current bucket. The greater

of the two values is displayed if the

bucket number is odd, as depicted in

EXFNHW 7KH VLIJQDG SHDN DFWXDOO\ RF
curs in bucket 6 but is not displayed

XQWLO EXFNHW

J)LIXUH 1RUPDO GHWHFWLRQ GLVSOD\V PD[LPXP YDOXHV LQ EXFNHWYV ZK
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The normabetection
algorithm:

If the signal rises and falls within a
bucket:

Even-numbered buckets display the
minimum (negative peak) value in the
bucket. The maximum is remembered.
Odd-numbered buckets display the
maxi(positive peak) value determined
by comparing the current bucket peak
with the previous (remembered) bucket
peak. If the signal only rises or only falls
within a bucket, the peak is displayed.
6HH )LIXUH

This process may cause a maximum

value to be displayed one data point

too far to the right, but the offset is

usually only a small percentage of the

span. Some spectrum analyzers, such

as the Keysight PXA signal analyzer,

compensate for this potential effect by

PRYLQJ WKH /2 VWDUW DQG VWRS IUHTXHQ
cles. )LIXUH 7UDFH SRLQWV VHOHFWHG E\ WKH QRUPDO GHWHFWLRQ DOJR!
Another type of error occurs when two

peaks are displayed when only one

DFWXDOO\ H[LVWV )LJXUH VKRZV WKLV

error. The outline of the two peaks is

displayed using peak detection with a

wider RBW.

So peak detection is best for locat-

ing CW signals well out of the noise.
Sample is best for looking at noise, and
normal is best for viewing signals and
noise.

JLIXUH 1RUPDO GHWHFWLRQ FDQ VKRZ WZR\$HDWWVZKHQ RQO\ RQH SH
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Average detection

Although modern digital modulation
schemes have noise-like character
istics, sample detection does not
always provide us with the information
we need. For instance, when taking

a channel power measurement on a
W-CDMA signal, integration of the

rms values is required. This measure-
ment involves summing power across
a range of analyzer frequency buckets.
Sample detection does not provide this
capability.

While spectrum analyzers typically col
lect amplitude data many times in each
bucket, sample detection keeps only
one of those values and throws away the
rest. On the other hand, an averaging
detector uses all the data values col
lected within the time (and frequency) in
terval of a bucket. Once we have digitized
the data, and knowing the circumstances
under which they were digitized, we can
manipulate the data in a variety of ways
to achieve the desired results.

Some spectrum analyzers refer to the
averaging detector as an rms detector
when it averages power (based on the
root mean square of voltage). Keysight
X-Series signal analyzers have an
average detector that can average the
power, voltage or log of the signal by
including a separate control to select
the averaging type:

Power (rms) averagingaverages rms
levels by taking the square root of the
sum of the squares of the voltage data
measured during the bucket interval,
divided by the characteristic input
impedance of the spectrum analyzer,
normally 50 ohms. Power averaging
calculates the true average power and
is best for measuring the power of com
plex signals.

11. See Chapter 5, “Sensitivity and Noise.”
5HIHU WR &KDSWHU

Voltage averaging averages the linear
voltage data of the envelope signal
measured during the bucket interval. It
is often used in EMI testing for measur-
ing narrowband signals (this topic will
be discussed further in the next sec-
tion). Voltage averaging is also useful
for observing rise and fall behavior of
AM or pulse-modulated signals such as
radar and TDMA transmitters.

Log-power (video) averaging averages
the logarithmic amplitude values (dB)

of the envelope signal measured during
WKH EXFNHW LQWHUYDO
aging is best for observing sinusoidal
signals, especially those near noisé!

Thus, using the average detector with
the averaging type set to power pro-
vides true average power based upon
rms voltage, while the average detector
with the averaging type set to voltage
acts as a general-purpose average
detector. The average detector with the
averaging type set to log has no other
equivalent.

Average detection is an improvement
over using sample detection for the
determination of power. Sample detec-
tion requires multiple sweeps to collect
enough data points to give us accurate
average power information. Average
detection changes channel power
measurements from being a summation
over a range of buckets into integra-
tion over the time interval represent-

ing a range of frequencies in a swept
analyzer. In a fast Fourier transfer (FFT)
analyzer , the summation used for
channel power measurements changes
from being a summation over display
buckets to being a summation over

FFT bins. In both swept and FFT cases,
the integration captures all the power
information available, rather than just
that which is sampled by the sample

tions on many buckets simultaneously, which improves measurement ged.
CISPR, the International Special Committee on Radio Interfence, was established in . « . .
E\ D JURXS RI LQWHUQDWLRQDO R W OMGHJ DMULIR@AHW B , b &39EATRNSIRRLP gaused by noise once
governmental group composed of National Committees ofthe Intenational Electrotechnical
Commission (IEC), as well as numerous international organizians. CISPR’s recommended
standards generally form the basis for statutory EMC requimments adopted by governmental

regulatory agencies around the world.
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detector. As a result, the average
detector has a lower variance result for
the same measurement time. In swept
analysis, it also allows the convenience
of reducing variance simply by extend-
ing the sweep time.

EMI detectors: average and
guasipeak detection

An important application of average

detection is for characterizing devices

for electromagnetic interference (EMI).

In this case, voltage averaging, as de-
ERribe8 iR thel redovigisgction, is used

for measuring narrowband signals that

might be masked by the presence of

broadband impulsive noise. The aver-

age detection used in EMI instruments

takes an envelope-detected signal and
SDVVHV LW WKURXJK D ORZ SD\
a bandwidth much less than the RBW.

7KH oOWHU LQWHJUDWHY DYHU
higher-frequency components such as

noise. To perform this type of detec-

tion in an older spectrum analyzer that

doesn’t have a built-in voltage averag-

ing detector function, set the analyzer

LQ OLQHDU PRGH DQG VHOHFW
with a cut-off frequency below the low-

est PRF of the measured signal.

Quasipeak detectors (QPD) are also

used in EMI testing. QPD is a weighted

form of peak detection. The mea-

sured value of the QPD drops as the

repetition rate of the measured signal

decreases. Thus, an impulsive signal

with a given peak amplitude and a

10-Hz pulse repetition rate will have

a lower quasipeak value than a signal

with the same peak amplitude but

having a 1-kHz repetition rate. This

signal weighting is accomplished by
FLUFXLWU\ ZLWK VSHFLoF FKDU
DQG GLVSOD\ WLPH FRQVWDQW'
CISPR .

QPD is a way of measuring and quan-
tifying the “annoyance factor” of a sig-

IRU PRUH LQIRUPDWLRQ R®@KNVKRIR)S X VDIah (magine\listering tosa-+adi®station D

suffering from interference. If you hear an



every few seconds, you can still listen to
the program without too much trouble.
However, if that same amplitude pop
occurs 60 times per second, it becomes
extremely annoying, making the radio
program intolerable to listen to.

Averaging processes

There are several processes in a spec-

trum analyzer that smooth the varia-

tions in envelope-detected amplitude.

7KH oUVW PHWKRG DYHUDJH GHWHFWLRQ

was discussed previously. Two other

PHWKRGYVY YLGHR oOWHULQJ DQG WUDFH DYHU
aging, are discussed nex&4

9LGHR oOWHULQJ

Discerning signals close to the noise
is not just a problem when performing
EMC tests. Spectrum analyzers display
signals plus their own internal noise,
DV VKRZQ LQ )LJXUH 7R UHGXFH WKH
effect of noise on the displayed signal
amplitude, we often smooth or average
WKH GLVSOD\ DV VKRZQ LQ )LJXUH
Spectrum analyzers include a variable
YLGHR oOWHU IRU WKLV SXUSRVH 7KH YLGHR
OOWHU LV D ORZ SDVV oOWHU WKDW FRPHV DIWHU
the envelope detector and determines
the bandwidth of the video signal that
will later be digitized to yield amplitude
data. The cutoff frequency of the video
OoOWHU FDQ EH UHGXFHG WR WKH SRLQW ZKHUH
it becomes smaller than the bandwidth
of the selected resolution bandwidth
,) OOWHU :KHQ WKLV RFFXUV WKH YLGHR
system can no longer follow the more JLIXUH 'LVSODY RIHLIXUH
rapid variations of the envelope of the
signal(s) passing through the IF chain.
The result is an averaging or smoothing

JLIXUH 6SHFWUXP DQDO\]JHUV GLVSOD\ VLJQDO SOXV QRLVH

More information

A more detailed discussion about

noise markers can be found in
Spectrum and Signal Analyzer Measure
ments and Noise — Application, Note
literature number 5966-4008E

14. Afourth method, called a noise marker,
is discussed in Chapter 5;'Sensitivity and
Noise.”

DIWHU IXOO VPRRWKLQJ

JLIXUH 6PRRWKLQJ HITHFW RI 9%: WR 5%: UDWLRV RI
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of the displayed signal.

The effect is most noticeable in mea-

suring noise, particularly when you

use a wide-resolution bandwidth. As

we reduce the video bandwidth, the

peak-to-peak variations of the noise

DUH UHGXFHG $V )LIJXUH VKRZV
the degree of reduction (degree of

averaging or smoothing) is a function

of the ratio of the video to resolution

bandwidths. At ratios of 0.01 or less,

the smoothing is very good. At higher

ratios, the smoothing is not as good.

7KH YLGHR oOWHU GRHV QRW DIIHFW DQ\ SDUW
of the trace that is already smooth (for

example, a sinusoid displayed well out

of the noise).

If we set the analyzer topositive peak
detection mode, we notice two things:
First, if VBW > RBW, then changing the
resolution bandwidth does not make
much difference in the peak-to-peak
fluctuations of the noise. Second,
if VBW < RBW, changing the video
bandwidth seems to affect the noise
level. The fluctuations do not change
much because the analyzer is display-
ing only the peak values of the noise.
However, the noise level appears to
change with video bandwidth because
the averaging (smoothing) changes,
thereby changing the peak values of
the smoothed noise envelope. See
YLIXUH D :KHQ &ektageHOHFW
detection, we see the average noise
level remains constant. See Figure

E

JLIXUH D 3RVLWLYH SHDN GHWHFWLRQKP®RREZAH UM &N B NQQ RLIMGHH RXBAD Q 8 ¥
average noise

%YHFDXVH WKH YLGHR oOWHU KDV LWV RZQ
response time, the sweep time increas-

es approximately inversely with video

bandwidth when the VBW is less than

the resolution bandwidth. The sweep

time (ST) can therefore be described

by this equation: YLIXUH E $YHUDJH GHWHFWLRQ PRGH @RDVYB MHW\H & | UHFR:DW @ V5 HR Q\DWE
k(Span) DQG
67 (RBW)(VBW)

The analyzer sets the sweep time auto-
matically to account for video band-
width as well as span and resolution
bandwidth.
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Trace averaging

Digital displays offer another choice for
smoothing the display: trace averag-
ing. Trace averaging uses a completely
different process from the smoothing
performed using the average detector.
In this case, averaging is accomplished
over two or more sweeps on a point-
by-point basis. At each display point,
the new value is averaged in with the
previously averaged data:

Aavg= () Ao ()

where

A,yg = new average value

Aprior avg = average from prior sweep
A,= measured value on current sweep
n = number of current sweep

Thus, the display gradually converges
to an average over a number of sweeps. YLIXUH 7UDFH DYHUDJLQJ IRU DQG WZIHMISR/Q W RS MR |IRRIWH/DR R

$V ZLWK YLGHR 0OWHULQJ 2% ¥EBD VHOHFW
the degree of averaging or smoothing.

We do this by setting the number of ing or trace averaging. However, there $V D UHVXOW ZH FDQ JHW VLJQ
sweeps over which the averaging oe is a distinct difference between the different results from the two averag-
FXUV )LJIXUH VKRZV WUWHER DYHGBRLQAWHULQJ S Hig hietheds ob ceHainignals. For
for different numbers of sweeps. While ing in real time. That is, we see the full ~ example, a signal with a spectrum that
trace averaging has no effect on sweep effect of the averaging or smoothing at  changes with time can yield a different
time, the time to reach a given degree each point on the display as the sweep  average on each sweep when we use
of averaging is about the same as with progresses. Each point is averagedonly YLGHR oOWHULQJ +RZHYHU LI :
YLGHR oOWHULQJ EHF DXV HORee, fokeHing rirabay UL/ BBW on trace averaging over many sweeps, we
sweeps required. each sweep. Trace averaging, on the will get a value much closer to the true

other hand, requires multiple sweeps DYHUDJH 6HH )LIJXUHYV D DQC
In many cases, it does not matter which ~ to achieve the full degree of averaging,
form of display smoothing we pick. If and the averaging at each point takes JLIXUHV D DQG E VKRZ KRZ
the signal is noise or a low-level sinu- place over the full time period needed YLGHR oOWHULQJ DQG WUDFH D
soid very close to the noise, we getthe  to complete the multiple sweeps. different results on an FM broadcast
VDPH UHVXOWY ZLWK HLWKHU YLGHR oOWHU signal.
JLIXUH D 9LGHR 0OWHULQJ JLIXUH E 7UDFH DYHUDJLQJ
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Time gating

Time-gated spectrum analysis allows
you to obtain spectral information

about signals occupying the same part
of the frequency spectrum that are
separated in the time domain. Using

an external trigger signal to coordinate
the separation of these signals, you can
perform the following operations:

— Measure any one of several signals
separated in time (For example,
you can separate the spectra of
two radios time-sharing a single
frequency.)

— Measure the spectrum of a signal
in one time slot of a TDMA system

— Exclude the spectrum of interfer-
ing signals, such as periodic pulse
edge transients that exist for only a
limited time

Why time gating is needed

Traditional frequency-domain spectrum
analysis provides only limited informa-
WLRQ
signals. Examples include the following
signal types:

— Pulsed RF

— Time multiplexed

— Time domain multiple access
(TDMA)

— Interleaved or intermittent

— Burst modulated

In some cases, time-gating capability
enables you to perform measurements

IRU FHUWDLQ GLIOFEXOW WR DQDO\]H

Measuring time division

duplex signals Time gating can be achieved using

three different methods we will discuss
To illustrate using time-gating capabil- below. However, there are certain basic
LW\ WR SHUIRUP GLIoFXO WorRépR ¥iXiddgRtm@thaapply to
FRQVLGHU )LJXUH D ZKdnyikpMikdhiatibnDin particular, you
VLPSOLOHG GLJLWDO PRE lnfast heVe,6lb8 alle tbQE), Ghe fol-
LQ ZKLFK WZR UDGLRV [D¥arkg four iferkisH

time-sharing a single frequency chan-
nel. Each radio transmits a single 1-ms
burst, then shuts off while the other
radio transmits for 1 ms. The challenge
is to measure the unique frequency
spectrum of each transmitter.

— An externally supplied gate trigger
signal
— The gate control or trigger mode
(edge or level) (The X-Series signal
analyzers can be set to gate-trig-
ger holdoff to ignore potential false
Unfortunately, a traditional spectrum triggers.)
analyzer cannot do that. It simply — The gate delay setting, which de-
shows the combined spectrum, as seen termines how long after the trigger
LQ )LIXUH E 8VLQJ WKH wsigpalthg paje aeuplly becomes
capability and an external trigger active and the signal is observed
signal, you can see the spectrum of just ~ — The gate length setting, which
UDGLR RU UDGLR LI \RX detegmineshemgong the gate is on
identify it as the source of the spurious and the signal is observed

VLIQDO VKRZQ DV LQ )LIXUH

WKDW ZRXOG RWKHUZLVH EH YHU\ GLIOFXOW

if not impossible to make.

JLIXUH E
signals. Which radio produces the spurious emis-
sions?

YLIXUH

D

6LPSOLOHG GLJLWDO PRELOKMQQUDGLR VLJQDO LQ WKH WLPH G

JUHTXHQF\ VSHFWUXPLRXUFRPELRQH®H WLPH JDWHG VSHEFWUXP RIGVLOUKHD&LPH JDWHG VSHFWUX

LGHQWLoOHV LW DV WKH VRXUFH RYKBXWILRXVVHIRIWHIRRQ SXULRXV HPLVYV
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Controlling these parameters will allow

us to look at the spectrum of the signal
during a desired portion of the time.

If you are fortunate enough to have a
gating signal that is only true during

the period of interest, you can use level
JDWLQJ DV VKRZQ LQ-)LJ
ever, in many cases the gating signal

will not perfectly coincide with the time

we want to measure the spectrum.
7TKHUHIRUH D PRUH pHI[LE
to use edge triggering in conjunction
ZLWK D VSHFLoOHG JDWH G

UH

OH DSSURDFK LV

HOD\ DQG JDWH
OHQIJWK WR SUHFLVHO\ GHoQH WKH WLPH SH

+RZ

riod in which to measure the signal.

JLIXUH /HYHO WULJJHULQJ WKH VSHFMW UXHPTXE D6\ ]¥EHFQQ\XPHDKHEKQ MA
Consider the GSM signal with eight gate trigger signal is above a certain level
WLPH VORWY LQ )LJXUH (DFK EXUVW
LV PV DQG WKH IXOO IUDPH LV

ms. We may be interested in the spec-

WUXP RI WKH VLIQDO GXULQJ D VSHFLoF WLPH

slot. For the purposes of this example,
let’s assume we are using only two
of the eight available time slots (time

VORWV DQG DV VKRZQ LQ )LIJXUH

When we look at this signal in the

I[UHTXHQF\ GRPDLQ LQ )LIJXUH

observe an unwanted spurious signal
present in the spectrum. In order to

ZH

WURXEOHVKRRW WKH SUREOHP DQG 0QG

the source of this interfering signal,
we need to determine the time slot in
which it is occurring. If we wish to look

DW WLPH VORW ZH VHW XS WKH JDWH WR

trigger on the rising edge of the burst

LQ WLPH VORW DQG WKHQ VSHFLI\ D JDWH
GHOD\ RI PV DQG D JDWH OHQJWK

RI $V DV VKRZQ LQ )LJXUH

The gate delay assures that we only

PHDVXUH WKH VSHFWUXP RI WLPH VORW

while the burst is fully on. Note that the
gate start and stop value is carefully
selected to avoid the rising and falling
edge of the burst, as we want to allow

YLIXUH

$ 7'0%$ IRUPDW VLJQDO LQ WKLV FDVW JHWOR ZMWMRIIWLPH VORW

WLPH IRU WKH 5%: oOWHUHG VLIJQDO WR

settle out before we make a measure-

PHQW )LJXUH VKRZV WKH VSHFWUXP
Rl WLPH VORW ZKLFK UHYHDOV WKDW WKH

spurious signal is not caused by this
burst.

Three methods are commonly used to
perform time gating:

— Gated FFT

- *DWHG /2

— Gated video

32



JLIXUH $ JHUR VSDQ WLPH GRPDLQ YLHZ RI WHKHHXWBH VLJIQUDHTXHYR\ BREDWQLFHHZ RI WKH *60 VLIQDO ZLV

VORWY DQG kRQy showing an unwanted spurious signal present in the spectrum.
JLIXUH 7LPH JDWLQJ LV XVHG WR ORRN DW WKH ¥Y>SHHF WU X B RH PWKHX P6R IWALIPRHH VORW UHYHDOV WKDW W
VORW caused by this burst.
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RF IF resolution Envelope Video
step bandwidth IF log detector bandwidth Peak/sample Analog-digital
attenuator  Mixer Iter amplier (IF to video) ter detector converter
RF
input
\N )€ Display logic
Local +
oscillator * Scan generator
Gate / \
control
Display
YJLIXUH ,Q JDWHG /2 PRGH WKH /2 VZHHSV RQO\ GXULQJ JDWH LQWHUYDO
Gated FFT *DWHG /2 in this chapter. Using an X-Series signal
) o anal)(éer a standard, non-gated, spee
The Keysight X-Series signal analyzers /2 JDWLQJ VRPHWLPHV U Hldh \He'épGov\é\f R 1%\42 span takes

have built-in FFT capabilities. In this
mode, the data is acquired for an FFT
starting at a chosen delay following a
trigger. The IF signal is digitized and

gated sweep, is another technique
for performing time gating. With this
method, we control the voltage ramp
produced by the scan generator to

PV DV VKRZQ LQ )LJXUH
D JDWH OHQJWK RI PV WKH \
analyzer sweep must be built up in 49

DWH LOWHUYDOV GLYLGHG

FDSWXUHG IRU D WLPH SHUYZRBSRWKH /GLDV VKRZQ ld?|f)tln(§1>L<1IPf||3meoftheGSMS|gnaI

vided by resolution bandwidth. An FFT
is computed based on this data acqui
sition and the results are displayed as
the spectrum. Thus, the spectrum is
that which existed at a particular time
of known duration. This is the fastest
gating technique when the span is not
wider than the FFT maximum width.

To get the maximum possible fre
qguency resolution, choose the nar
rowest available RBW with a capture

'KHQ WKH JDWH LV DFWLYH 4 WKEE ife tdR1FRaburement

up in frequency like any spectrum time is 49 intervals times 4.615 ms =

analyzer. When the gate is blocked, PV 7KLV UHSUHVHQWYV D VLJ
the voltage out of the scan genera- improvement in speed compared to the

WRU LV IURJHQ DQG WKH (24 WiBst¥ehHiqué, Lfidh will be

in frequency. This technique can be GHVFULEHG LQ WKH IROORZLQJ
much faster than gated video because gating is available on X-Series signal

multiple buckets can be measured dur- analyzers and PSA Series spectrum

ing each burst. As an example, let’s use analyzers

the same GSM signal described earlier

WLPH WKDW oWV ZLWKLQ WKH WLPH SHULRG

of interest. You may not always need
that much resolution, however, and
you could choose a wider RBW with a
corresponding narrower gate length.
The minimum usable RBW in gated
FFT applications is always lower than
the minimum usable RBW in other gat-
ing techniques, because the IF must
fully settle during the burst in other
techniques, which takes longer than
GLYLGHG E\ 5%:

JLIXUH 6SHFWUXP RI WKH *60 VLJQDO
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Gated video

Gated video is the analysis technique
used in a number of spectrum analyz-
ers, including the Keysight 8560, 8590
and ESA Series. In this case, the video
voltage is switched off, or to “negative

display point, or bucket, so the peak
detector is able to see real data during
that time interval. Otherwise, there will
be trace points with no data, resulting
in an incomplete spectrum. Therefore,
the minimum sweep time is N display
buckets times burst cncle time. For ex-

LQOQLW\ GHFLEHOV y GXULQul W EEMhtRbteMelis! the ful

gate is supposed to be in its “blocked”
mode. The detector is set to peak de-

tection. The sweep time must be set so

that the gates occur at least once per

frame lasts 4.615 ms. For an ESA spec-
trum analyzer set to its default value of
401 display points, the minimum sweep
time for GSM gated video measure-
ments would be 401 times 4.615 ms or

1.85 s. Some TDMA formats have cycle
times as large as 90 ms, resulting in
long sweep times using the gated video
technique.

Now that you've seen how a classic
analog spectrum analyzer works and
how to use some of the important fea-
tures and capabilities, let’s take a look
at how replacing some analog circuits
with digital technology improves spec-
trum analyzer performance.

YLIXUH
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&KDSWHU

Since the 1980s, one of the most
profound changes in spectrum analy-
sis has been the application of digital
technology to replace portions of
spectrum analyzers that had been
implemented previously as analog cir-
cuits. With the availability of high-per-
formance analog-to-digital converters,
the latest spectrum analyzers digitize
incoming signals much earlier in the
signal path compared to spectrum ana-
lyzer designs of just a few years ago.
The change has been most dramatic in

the IF section of the spectrum analyzer.

Digital IFsl have had a great impact on
spectrum analyzer performance, with

'LIJLWDO ,) 2YHUYLHZ

WHFKQLTXHV $V VKRZQ LG )NHIXEHQHOW RI WKH GLJLWDO

the linear analog signal is mixed down
to an 8.5-kHz IF and passed through a
EDQGSDVV cOWHU RQO\

done in these analyzers is a bandwidth
selectivity of about 4:1. This selectivity

NV BYOHODEDWH RQ WKH QDUURZ

VLIQDO LV DPSOLOHG WK dr@sWdWwodIlddhadsb to/séparate the
N+] UDWH DQG GLJLWL mb& closely spaced signals.

Once in digital form, the signal is put
through a fast Fourier transform algo-
rithm. To transform the appropriate sig

,Q &KDSWHU ZH GLG-D oOWHU
tivity calculation for two signals spaced

N+] DSDUW XVLQJ D N+] DQD

QDO WKH DQDO\]JHU PXVW oECHVH B G/ MWK YHBH SHDW WKDW FI

(not sweeping). That is, the transform
must be done on a time-domain signal.

LQJ GLIJLWDO oOWHUV $ JRRG F
VHOHFWLYLW\ RI GLJLWDO oOW

Thus the ESA-E Series analyzers step in  Gaussian model:

VLIQLOoFDQW LPSURYHPH QaVtke HigitaV/r8gdIttiGn bandwidths.

accuracy and the ability to measure
complex signals using advanced DSP
techniques.

'LIJLWDO oOWHUYV

<RX ZLOO o0QG D SDUWLDOsﬁe%tﬁjglﬁr%@i&]gf’%wyi&&sﬁ:has

digital IF circuitry in the Keysight ESA-

E Series spectrum analyzers. While the

1-kHz and wider RBWs are implement-

900-Hz increments, instead of sweep- | G{ | ]
ing continuously, when we select one q 0 5[% :
This stepped tuning can be seenonthe  7KkHUH + | LV WKH 0OWHU VNLUW U

display, which is updated in 900-Hz
increments as the digital processing is
completed.

I LV WKH I[UHTXHQF\ RIITVHW IUI
center in Hz, and is a parameter that
controls selectivity. IRU DQ LGHDO
*DXVVLDQ oOWHU 7KH VZHSW 5
used in Keysight spectrum analyzers
are based on a near-Gaussian model
withan YDOXH HTXDO WR
Q EDQGZLGWK 00WHUY, £erdbt\itl@tfd bf 4.1:1.

As you will see in a moment, other

the Keysight X-Series analyzers, use an
all-digital IF, implementing all resolu-
WLR

UHV

HG ZLWK WUDGLWLRQDO DQDORJ /& DQG FU\V
WDO oOWHUV WKH QDUURZHVW EDQGZLGWKYV

+] WR +]

DUH UHDOL]JHG XVLQJ GLJLWDO

Lo
21.4 MHz 9

f
/
- _.
MMM

v

Sample and hold
at 11.3 kHz

8.5 kHz CF
1 kHz BW

YLIXUH

'LJLWDO LPSOHPHQWDWLRQ RI

ROXWLRQ oOWRGBYV LG J(@HYB6HULHY VSHFWUXP DQDO\]JHUV

1. Strictly speaking, once a signal has been digitized, it is no longer atamtermediate frequency, or IF. At that point, the signal is reresented by digi-
tal data values. However, we use the term “digital IF” to deschie the digital processing that replaces the analog IF procesisig found intraditional

spectrum analyzers.
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Entering the values from our example
into the equation, we get:

HakHz) o Gop202 ]
q G %

$W DQ RIIVHW RI N +]

IF in the X-Series signal analyzer, as RI WKH $'& FORFN 0+] WKUR?>

VKRZQ LQ )LJIJXUH WKH DQWL DOLDV oOWHU 7KH C
time for an impending large signal to

In this case, all 160 resolution band- be recognized before it overloads the

widths are digitally implemented. ADC. The logic circuitry controlling

w KHPweyen thete ig gofpgranalog circuitry  the autorange detector will decrease

0OWHU LV GRZQ q G % F RP5ehe-ABCstartfgwith several the gain in front of the ADC before a
DQDORJ 0OWHU ZKLFK z D \AStRa&s®{ devn gepversion, followed large signal reaches it, thus preventing

dB. Because of its superior selectiv-

E\ D SDLU RI VLQJOH SR O Hligpuhtii tf da\signanvenwRIQd remains

LW\ WKH GLJLWDO 00WHU DB &&uaPMRDY HWKEHY R W K H U shall\forh&/1bng til @ theldkitoranging

closely spaced signals.

All-digital IF

Analyzers such as the Keysight X-
Series combine several digital tech-
nigues to achieve the all-digital IF. The
all-digital IF offers users a wealth of
advantages. The combination of FFT
analysis for narrow spans and swept
analysis for wider spans optimizes
sweeps for the fastest possible mea-
surements. Architecturally, the ADC is
moved closer to the input port, a move
made possible by improvements to the
A-to-D converters and other digital

$ SUHOOWHU KHOSV SUHY HKieW in¢né&sEdHhe @dirQrducing the

stages from contributing third-order effective noise at the input. The digital
GLVWRUWLRQ LQ WKH VD PdainZaitér fhe 3 DCip &3¢/ ¢hahged to

would in an analog IF. In addition, it compensate for the analog gain in front

enables dynamic range extension via RI'LW 7KH UHVXOW LV D kpRDW
autoranging. The output of the single- ADC with very wide dynamic range

SROH SUHOOWHU LV URXWwWhen®%uiraigihl iseXa et inBweptH
GHWHFWRU DQG WKH DQWino@OLDV oOWHU

As with any FFT-based IF architec-

WXUH WKH DQWL DOLDVY oOWHU LV UHTXLUHG WR
prevent aliasing (the folding of out-

of-band signals into the ADC sampled

GDWD 7KLV oOWHU KDV PDQ\ SROHV DQG

thus has substantial group delay. Even

a very fast-rising RF burst, downcon-

KDUGZDUH /HWjV EHJILQ Everfédtdlth€lB fiq@RcR Will experi-

at the block diagram of the all-digital

ence a delay of more than three cycles

Anti-alias
Iter

Custom IC

Counter l
1

p log=» pwr pwr- log

Hilbert log—» V V- [0g

Pre Iter transform log» log log- log

Autoranging ADC system
RISC processor
Display
FF Processing
—O— —o—l log/lin I—ldB/divl— Displayj]
2 ? |
YLIXUH %ORFN GLDJUDP RI WKH DOO GLIQWDOD QDL@\WKN .H\VLIKW ; 6HULHV VL
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JLIXUH LOOXVWUDWHYV
behavior of the X-Series analyzers. The

VLQJOH SROH SUHOOWHU I

be turned up high when the analyzer

is tuned far from the carrier. As the car-
rier gets closer, the gain falls and the
ADC quantization noise rises. The noise
level will depend on the signal level
frequency separation from the carrier,
so it looks like a step-shaped phase
noise. However, phase noise is differ
ent from this autoranging noise. Phase
noise cannot be avoided in a spectrum
DQDO\]HU
ter width can reduce autoranging noise
at most frequency offsets from the car-

Amplitude
(log)

Typical
analog IF
response

+RZHYHU UHGX N

_— Digital IF RBW response

ADC
clipping threshold
Pre Iter gain

Noise oor after autoranging
/ Typical LO phase noise

Frequency or time

ULHU 6LQFH WKH SUHoOWHU'YLc WRMRYRRS'SY RfSY $'& QRLVH FORVH WR WKH FDUULHU DQG OR:

PDWHO\
RBW reduces the autoranging noise.

Custom digital signal
processing

Turning back to the block diagram of
WKH GLJLWDO ,) )LJIJXUH
gain has been set with analog gain and
corrected with digital gain, a custom

IC begins processing the samples.
JLUVW LW VSOLWV WKH
into | and Q pairs at half the rate (15
Mpairs/s). The | and Q pairs are given
a high-frequency boost with a single-

WLPHV WKH 5%:

UHGXFLQJ WKH

JRU VZHSW DQDO\VLV WKHB2MWHGXG L QOQWKH WLPH WKH /

Q pairs are converted to magnitude
and phase pairs. For traditional swept
analysis, the magnitude signal is video-
EDQGZLGWK 9%:
are taken through the display detector
circ@t! YWk IldgMhKar diplay selection
and dB/division scaling occur in the
processor, so a trace can be displayed

on any scale without remeasuring.
0+] ,) VDPSOHV

Additional video processing
features

WKURXJK WKDW SRLQW 7KH 9%
EH UHFRQ0JXUHG LQWR DQ DFF.
perform averaging on either a log, volt-

0 O W H U HaGe BrQveV<2®e O H V

Freguency counting

Swept spectrum analyzers usually

have a frequency counter. This counter

counts the zero crossings in the IF sig-

nal and offsets that count by the known
IUHTXHQF\ RIITVHWYV IURP /2V LQ
of the conversion chain. If the count is

VWDJH GLIJILWDO 0OWHU WKIKM KB 3D MHDQER U P D O 0 \aNPwed fovipR fgna sgaeml, you can

phase approximately opposite to that of

log of the magnitude of the signal, but

WKH VLQJOH SROH DQDOR Jit bdd mar Hdtttidnal idditWes. It can
DQG 4 VLIQDOV DUH ORZ S évMértaiteW¥diralgrRudeltd\aloltage
D OLQHDU SKDVH 0OWHU ZIWW RERERP\EHARDA 0OWHU LD BHOE BROYHUIWWDO 5%:V Wk

*DXVVLDQ UHVSRQVH
have always been used for swept spec
trum analysis, because of their optimum
compromise between frequency domain
performance (shape factor) and time-
domain performance (response to rapid
sweeps). With the signal bandwidth
now reduced, the | and Q pairs may be
decimated and sent to the processor
for FFT processing or demodulation. Al
though FFTs can be performed to cover
a segment of frequency span up to the
10-MHz bandwidth of the anti-alias

* D X Mt\bbdRk ©r eéndstent Wehavior before

display detection.

Filtering the magnitude on a linear
voltage scale is desirable for observ
ing pulsed-RF envelope shapes in zero
span. The log-magnitude signal also
can be converted to a power (magni-

achieve a resolution of 1 Hz.
Because of its digitally synthesized

frequency accuracy of the X-Series
signal analyzer is very good (0.1% of
span). In addition, the X-Series signal
analyzer includes a frequency counter
that observes not just zero crossings,
but also the change in phase. Thus, it
can resolve frequency to the tens-of-
millihertz level in 0.1 second. With this

WXGH VTXDUHG VLJQDO EJ¢signsthe akijitytq (ppatys frequency

and then it can be converted back.

Filtering the power allows the analyzer
to give the same average response to
signals with noise-like characteristics,

0OWHU HYHQ D QDU URZH Us)¢Ha¥y &drdd commiimications signals,

as 1 kHz, with a narrow RBW, such as 1

as to CW signals with the same rms

+] ZRXOG UHTXLUH ))7V ZLbltage. AN lin@rEasiRdl common mea

data points. Using decimation for nar
rower spans, the number of data points
needed to compute the FFT is greatly
reduced, speeding up computations.

surement need is total power in a chan
nel or across a frequency range. In a
measurement such as this, the display
points might represent the average
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changes is not limited by the spectrum
analyzer, but rather is determined

by the noisiness of the signal being
counted.



More advantages of all-digital IF DOO GLJLWDO ,) LPSOHPH@GWBWAWAY LHI VIS FWKHHGSUHOoOW
DW ce G% IRU DQ\ OHY HWONMDE WHR @Q GGBoRPQWULEXWHY RQ
4 ] at the input mixer of the analyzer. The of the error that would exist with an

advantages of signal analyzers with all- range of the log amp does not limit the 5%: PDGH Rl oYH VXFK YVWDJHV
GLJLWDO ,) SRZHU YROWDdlg'JOo%JHE%LLQ\H%%PéﬂVPWJ O H YWOWW D ¥ RAWNZFRIK O/GDEHH ZL WKL Q
g, .hlgh—resglutl.on frequency counting, in an analog IF; the range is only limited their stated bandwidth, compared to 10

log/linear switching of stored traces, by noise around —155 dBm at the input WR  SHUFHQW VSHFLOFDWLRQV
excellent shape factors, an average- mixer. Because of single-tone compres-  analyzers.

across-the display-point detector mode, i in upstream circuits at higher pow-

160 RBWSs, and of course, FET or swept | yyy WKH 0GHOLW\ VS H F L BahdwdthReuady sUripGriait for

processing. In spectrum analysis, the G% IRU VLIQDO OrihizidghX BadbiRaay of chan

00 W. HULQJ DFWL R.Q RI 5% :dgrQ XYtHeqr}ﬁuFrRQér\./lﬂl\{:omparison, nel power measurements and similar

errors in frequency and amplitude DQDORJ ORJ DPSV DUH X ViXeagu@mevitS.H Fe rmldecbandwidth
measurements that are a function of the ith tolerances in the + 1 dB region. RI WKH 5%: 0OWHUV LV NQRZQ V
VZHHS UDWH )RU D o[HG OHYHO RI WKHVH EHWWHU VSHFLOFDWLRQV WKDC

errors, the all-digital IF's linear phase Other IF-related accuracies are im- setting tolerance, and noise markers

5%: 0OWHUV DOORZ IDVWHLKEHIESpYOWIHG 7K H ,) Swdthadmeitpoiver vheBsDormEeRtd are
WKDQ DQDORJ oOWHUV SHYEEW xAK - BMBBHG 0 ebrieceion @Rrarke ob00E pey

implementation also allows well-known o it js supject to alignment errors, butit cent. Therefore, bandwidth uncertain

We have already discussed a number of

compensations to frequency and am- LV PXFK EHWWHU WKDQ PRWIWHW GBQRUGEWWHWQO\ ce
plltgde readout, permitting sweep rateés  \yith only one stage to manufacture, amplitude error of noise density and
typically twice as fast as older analyz- 4t stage can be made much more channel-power measurements.

ers and excellent performance at even VWDEOH WKDQ WKH DQG VWDJH oOWHUV RI

fourtimes the sweep speed. Keysight 5510 IF-based spectrum analyzers.  Finally, with no analog reference-level-

X-Series signal analyzers can achieve A 5 result, the gain variations between — dependent gain stages, there is no “IF

over 50 times faster sweep speeds (se€ 5oy OWHUV LV KHOG WR Dail’ @ftbF at alf Dha $LR Qf &l these

&KDSWHU 'LILWDO UHVROXWLRR |\ RYWHHEOHUD O G Litphoverients neissahit the all-digital

o ) o mentations, which is ten times better IF makes a quantum improvement in
Digitally implemented logarithmic

than all-analog designs. spectrum analyzer accuracy. It also
DPSOLOFDWLRQ LV YHU\ DFFXUDWH 7VSLFDO allows you to change analyzer settings
errors of the entire analyzer are much g accuracy of the IF bandwidth is ZLWKRXW VLIQLOFDQWO\ LPSDF
smaller .than the measurement uncer- determined by settability limitations surement uncertainty. We will cover this
tainty with which the manufacturer LQ WKH GLILWDO SDUW R topickrHmor@datailinLtig heRtQrapter.

SURYHV WKH ORJ 0GHOLWqifkidn BrBettdiiadd A th¥/andidg
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Chapter 4. Amplitude and Frequency Accuracy

Now let’s look at amplitude accuracy, Impedance mismatch is an important Spectrum analyzer data sheets typi-
or perhaps better, amplitude uncer- factor in measurement uncertainty that cally specify the input voltage stand-
tainty. Most spectrum analyzers are is often overlooked. Analyzers do not ing wave ratio (VSWR). Knowing the
VSHFLOHG LQ WHUPYV RI| E Rav&p&fEcY RpDINdetiaDc@Gand VSWR, we can calculate with the
relative accuracy. However, relative signal sources do not have ideal output  following equation:
performance affects both, so let’s look impedances. When a mismatch exists,
oUVW DW IDFWRUV DItHFWWXH UWLEFD &H QMW MHIDG UHpHFi/%%E&%{%JQDO YHF
surement uncertainty. tors may add constructively or destruc
tively. Thus the signal received by the As an example, consider a spectrum
Before we discuss these uncertainties,  analyzer can be larger or smaller than DQDO\]HU ZLWK DQ LQSXW 96:5
let’s look again at the block diagram the original signal. In most cases, un- a device under test (DUT) with a VSWR
of an analog swept-tuned spectrum certainty due to mismatch is relatively of 1.4 at its output port. The resulting
analyzer, shown in Figure 4-1, and see ~ small. However, as spectrum analyzer PLVPDWFK HUURU ZRXOG EH
which components contribute to the amplitude accuracy has improved
XQFHUWDLQWLHYV /DWHU td@miealyn FekentS/daks Umismeitch
will see how a digital IF and various uncertainty now constitutes a more
correction and calibration techniques VLIQLOoFDQW SDUW RI WRYV . .
can substantially reduce measurement uncertainty. In any case, improving the More information
uncertainty. match of either the source or analyzer For more information about how
reduces uncertainty. improving the match of either
Components that contribute to uncer- the source or analyzer reduces
tainty: The general expression used to calculate uncertainty, see the Keysight
— Input connector (mismatch) the maximum mismatch error in dB is: PSAPerformance Spectrum Analyzer
= RF input attenuator Series Amplitude Accuracy — Technical
-~ OL[HU DQG LQSXW oOWHWURMWQRHV V] ,QB)Csaffe — @  Overvielterature number 5980-
— IF gain/attenuation (reference level ) (1
- 5%: oOWHUV where LV WKH UHpHFWLRQ |

'LVSOD\ VFDOH oGHOLW\
Calibrator (not shown)

RF input _ _ Log Envelope
attenuator Mixer IF gain IF lIter amp detector
Input >
signal ,’ Pl
Pre-selector, or \lltidreo
low-pass lter e
Local
oscillator
Reference
. oscillator ‘
Sweep
generator Display

Figure 4-1. Spectrum analyzer block diagram
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Since the analyzer’s worst-case match
occurs when its input attenuator is

set to 0 dB, we should avoid the 0 dB
setting if we can. Alternatively, we can
attach a well-matched pad (attenua-
tor) to the analyzer input and greatly
reduce mismatch as a factor. Adding
attenuation is a technique that works
well to reduce measurement uncertain-
ty when the signal we wish to measure
is well above the noise. However, in
cases where the signal-to-noise ratio is
VPDOO W\SLFDOO\ G %
ation will increase measurement error
because the noise power adds to the
signal power, resulting in an errone-
ously high reading.

like in one frequency band. Frequency

contribute to frequency response.

UHVSRQVH LV XVXDOO\ VS HibweaverGob& amplifu@eancertainty

relative to the midpoint between the
extremes. The frequency response of
a spectrum analyzer represents the
overall system performance resulting

is always introduced and it depends on
KRZ DFFXUDWHO\ WKH-,) DPSOL
tenuator can be set to a desired value.
This uncertainty is known as reference

IURP WKH pDWQHVV FKDUDIEW HddwatWLFV DQG

interactions of individual components
in the signal path up to and including

Another parameter we might change

WKH oUVW PL[HU OLFUR ZD ¥uinytBdldowse ¥fRR measurement

analyzers use more than one frequency
EDQG WR JR DERYH
byu&nG & RigheDHArMbHI€OXthe local
oscillator, which will be discussed in
GHWDLO LQ &KDSWHU -
tive measurements between signals in
different frequency bands, you must
add the frequency response of each

/THWjV WXUQ RXU DWWH Q WhaRdQo WéfRermin tHe b\v@raIXiaguensy

tenuator. Some relative measurements
are made with different attenuator set-
tings. In these cases, we must consider
the input attenuation switching uncer -
tainty. Because an RF input attenuator
must operate over the entire frequency
range of the analyzer, its step accuracy
varies with frequency. The attenuator
also contributes to the overall fre-
quency response. At 1 GHz, we expect
the attenuator performance to be quite
JRRG DW *+]

The next component in the signal path

response uncertainty. In addition, some
spectrum analyzers have éand switch-
ing uncertainty which must be added to
the overall measurement uncertainty.

After the input signal is converted to
an IF, it passes through the IF gain

*+]

is resolution bandwidth. Different

D OWHILW GRQYHH GLITHUHQW LQVH
Generally, we see the greatest differ-

HQFH ZKHQ VZLWFKLQJ EHWZHH

: K Ht@picalyNised forlhie @iBer resolution

EDQGZLGWKY DQG FU\WWWDO 00
for narrow bandwidths). This results

in resolution bandwidth switching

uncertainty.

The most common way to display sig-

nals on a spectrum analyzer is to use

a logarithmic amplitude scale, such as

10 dB per div or 1 dB per div. Therefore,

the IF signal usually passes through a

ORJ DPSOLOHU 7KH JDLQ FKDUL

DPSOLoHU DQG ,) DWWHQXWWHR W RIKDPE MWWbWHU DSSUR[LPD\

adjusted to compensate for changes
in the RF attenuator setting and mixer
conversion loss. Input signal ampli-

QRW DV JRIRES are thus referenced to the top

line of the graticule on the display,
known as the reference level. The IF

rithmic curve. So any deviation from a

perfect logarithmic response adds to

the amplitude uncertainty. Similarly,

when the spectrum analyzer is in linear

PRGH WKH OLQHDU DPSOLOHUV
a perfect linear response. This type

LV WKH LQSXW oOWHU 6SHMPBOXE HIUQD QY DWW H Q X D W RrideZdnty s dalleddisplay scale
XVH D o[HG ORZ SDVYV o O WdddSfrégQentyrard, GhBr&fore, do not
EDQG DQG D WXQDEOH EDQGSDVY oOWHU

called a preselector (we will discuss the
preselector in more detail in Chapter
LQ WKH KLJKHU

ORZ SDVV oOWHU KDV D E

response than the preselector and adds
a small amount of uncertainty to the
frequency response error. A preselec-

WRU XVXDOO\ D <,* WXQH

larger frequency response variation,
UDQJLQJ IURP G% WR
ter-wave frequencies.

JROORZLQJ WKH LQSXW 00

and the local oscillator, both of which
add to the frequency response un

certainty )LJXUH
the frequency response might look

IUHTXHQF\ EDQGV 7KH

0GHOLW\

HWWHU
+0.5 dB

IUH QF\
G oOVOF

G% DW
-0.5dB

WHU DUH WKH PL[HU

Frequency respans
Signals in the same harmonic band

BANDL
Speci cation: 0.5 dB

YLIXUH
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Relative uncertainty

When we make relative measure-
ments on an incoming signal, we use
either some part of the same signal

or a different signal as a reference.
For example, when we make second
harmonic distortion measurements, we
use the fundamental of the signal as
our reference. Absolute values do not
come into play; we are interested only
in how the second harmonic differs in
amplitude from the fundamental.

In a worst-case relative measurement
scenario, the fundamental of the signal
may occur at a point where the fre-
quency response is highest, while the
harmonic we wish to measure occurs at
the point where the frequency response
is the lowest. The opposite scenario is
equally likely. Therefore, if our relative

Absolute ampﬁtude accuracy It is best to consider all known uncer-
tainties and then determine which ones

o SR ) can be ignored when making a certain
built-in calibration source that provides Lé‘ pe of measurement. The range of val-

D NQRZQ UHIHUHQFH VLJIQROsRn ﬁaﬂ:é‘éplw&resentsthe

amplitude and frequency. We rely on VSHFLOFDWLRQV RI D YDULHW\
the relative accuracy of the analyzer analyzers

to translate the absolute calibration of

the reference to other frequencies and 6RPH Rl WKH VSHFLOFDWLRQV
amplitudes. Spectrum analyzers often frequency response, are frequency-

have an absolute frequency response (T)HJ H GHSHOGHQW $ *+] 5) D

VSHFLOFDWLRQ ZKHUH Wmﬁg,h][ &a i l'regégyr”/eonsem

RQ WKH pDWQHVV FXUYH LY UHIHEYH B PLFURZDYH \

Almost all spectrum analyzers have a

this calibration signal. Many Keysight DQDO\V]HU WXQLQJ LQ WKH * 4]
spectrum analyzers use a 50-MHz could have a frequency response of
reference signal. At this frequency, the e G% RU KLJKHU 2Q WKH RW

VSHFLOHG DEVROXWH DPSQIWXGH BEEIHRE Such as

LV HIWUHPHO\ JRRG e ch%r@mbaeléolm Mandmdths apply
X-Series signal analyzers. equally to all frequencies.

IUHTXH Q F\ UHVSR Q VH VS HEded & @em,egep@a@/euawes of amplitude uncertainty for comm spectrum analyzers
e G% DV VKRZQ LQ )LJIXUH WKHO

the total uncertainty would be twice
that value, or + 1.0 dB.

Perhaps the two signals under test
are in different frequency bands of
the spectrum analyzer. In that case, a

Amplitude uncertainties (+ dB)

Relative

RF attenuator switching uncertainty 0.18t0 0.7
Frequency response 0.3810 2.5

Reference level accuracy (IF attenuator/gain chandep to 0.7

rigorous analysis of the overall uncer- Resolution bandwidth switching uncertainty 0.03to 1.0
WDLQW\ PXVW LQFOXGH WKHWSFPDR NV WKOIHP ®H O L W\ 0.07 to 1.15
ness uncertainties of the two frequency Absolute
bands.

Calibrator accuracy 0.24t00.34

Other uncertainties might be irrelevant
in a relative measurement, like RBW
switching uncertainty or reference level
accuracy, which apply to both signals at
the same time.
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ers available today have self-calibration

routines. These routines generate error
When we look at total measurement FRHIOFLHOWYV

XQFHUWDLQW\ IRU WKH oU MW, ML E s febiftiBn bandwidth)
well be concerned as we add up the UR 4 the analyzer later uses to correct

FHUWDLQW\ 0JXUHV  7KH ZRUYWqGRY Bs X leblf, these self-
assumes each source of uncertainty calibration routines allow us to make

for your spectrum analyzer is at the good amplitude measurements with a

PD[LPXP VSHFLOHG YDOXH RQGRAR-E YHd give us more
biased in the same direction at the same .0 4om to change controls during the

time. The sources of uncertainty can be course of a measurement.
considered independent variables, so it
is likely that some errors will be positive
while others will be negative. Therefore,
a common practice is to calculate the
root sum of squares (RSS) error.

Improving overall uncertainty

mance and nominal values

When evaluating spectrum analyzer

accuracy, it is important to have a clear
Regardless of whether we calculate the understanding of the many different
worst-case or RSS error, we can take values found on an analyzer data sheet.

steps to improve the situation. First of H\WLIJKW GHOQHV WKUHH
DOO ZH VKRXOG NQRZ WKHeM&eﬁ&%é’n’é@d\é\{é‘.RQv

for our particular spectrum analyzer.

7KHVH VSHFLOFDWLRQV PDG\SEHkktlgrRE%Nd[ilﬁe@‘MpEI’fOF
enough over the range in which we are mance of parameters covered by the
making our measurement. If not, Table 544t warranty over a temperature
4-1 suggests some opportunities to range of 0 to 55 °C (unless otherwise
Improve accuracy. noted). Each instrument is tested to

Nominal values indicate expected per-
formance or describe product perfor

IRU H[DP S Ontnch th& G LMl @ khe application

of the product, but is not covered by
the product warranty. Nominal param-
eters generally are not tested during
the manufacturing process.

Digital IF architecture and
uncertainties

As described in the previous chapter,

6SHFLoFDWLRQV - W pdiqitgt IDagyhitecire irmngles or

minimizes many of the uncertainties
experienced in analog spectrum ana-
lyzers. These include:

Reference level accuracy (IF

BB Y0SLUANY g v wu x
Spectrum analyzers with an all-digital
IF, such as the Keysight X-Series, do
not have IF gain that changeswith
reference level. Therefore, there is no
IF gain uncertainty.

'LVSOD\ VFDOH oGHOLW!'

YHULI\ LW PHHWY WKH VSHFLoFDWLRQ DQG

Before taking any data, we can step takes into account the measurement

through a measurement to see if any uncertainty of the equipment used to
controls can be left unchanged. We test the instrument. All of the units

PLIKW 0QG WKDW WKH PHOYXUWREAON FE® HHw wkH

be made without changing the RF at-
tenuator setting, resolution bandwidth
or reference level. If so, all uncertain-
ties associated with changing these
controls drop out. We may be able

to trade off reference level accuracy

DJDLQVW GLVSOD\ 0GHOL Wier&n{ hhdrattirefs St YrhbYrtant

is more accurate anq eliminating the to make sure you are comparing like
other as an uncertainty factor. We can numbers in order to make an accurate
even get around frequency response comparison.

if we are willing to go to the trouble of
characterizing our particular analyzer.
You can accomplish this by using a
power meter and comparing the read-
ing of the spectrum analyzer at the

Some test equipment manufacturers
XVH D k VLJPDy RU

cations. When evaluating data sheet

Typical performance describes ad
ditional product performance informa-
tion that is not covered by the product
warranty. It is performance beyond

A digital IF architecture does not
LQFOXGH D ORJ DPSOLOHU
function is performed mathematically,
QQQFW@%MQDO ORJ oGHOL
does not exist. However, other factors,

such as RF compression (especially

,QV

FROGIHERFXW VLIQDOV DERYH q
YDOXH IRU FHUWDL Q- LQVWAISeR@mafienmeny accyacy and

ADC linearity (or quantization error)

VSHFLOFDWLRQV IRU LQV WKIPYEdqispipyseaie uncertainty.

The quantization error can be im
proved by the addition of noise, which
smoothes the average of the ADC
transfer function. This added noise is
called dither. While the dither improves
linearity, it does slightly degrade the
displayed average noise level. In the
PSA Series analyzers, we generally
recommend you use dither when the

desired frequencies with the reading of
the power meter.

The same applies to the calibrator. If
we have a more accurate calibrator, or
one closer to the frequency of interest,
we may wish to use that in lieu of the
built-in calibrator. Finally, many analyz

VSHFLOFDWLRQ WKDW-  RIE3{4a{ SIeA RS2 fignal-to-noise
KLELW ZLWK D  FRQoG H G OPPHE §ap ¢ryegpal to 10
WKH WHPSHUDWXUH UDQJ dB. W{eg the signal-to-noise ratio is

Typical performance does not include
measurement uncertainty. During
manufacture, all instruments are tested
for typical performance parameters.

less than 10 dB, the degradations to
accuracy of any single measurement
(in other words, without averaging)
that come from a higher noise floor
are worse than the linearity problems
solved by adding dither, so dither is

6KRXOG ZH GR VR WKHQ PLVPDWFK PD\ EHFRPH D PRUH vL Pestéwpedwifyiuur
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RBW SWitChing uncertainty 7TDEOH $PSOLWXGH XQFHUWDLQWLHY ZKHQ PHDVXULQJ D *+] VLJQDO

The digital IF in the X-Series signal Source of uncertainty Absolute uncertainty of 1-GH2)-dBm signal
DQDOVHUV LQFOXGHV DQ N9O30A PXA  N9020A MXA  N9OI0A EXA
VHW WR WLPHV WKH GHVl—UllU ul!vl\ul\val\\{

EDQGZLGWK 7KLV SUHoOWAPBP'WHANAtEIS acokigey ~ *0.24 dB +0.33dB +0.40dB
certainty in bandwidth, gain and center Frequency response +0.35dB +0.45dB +0.60 dB
frequency as a function of the RBW Total worst-case uncertainty +0.59 dB +0.78 dB +1.00dB
VAWWLQJ 7KH UHVW RI WKl paes BRI 97 TV i 042a8 +0.56 dB +0.72 dB

done digitally in an ASIC in the digital
,) VHFWLRQ 7KRXJK WKH GLJLWDO oOWHUYV DUH
not perfect, they are very repeatable,
and some compensation is applied to
minimize the error. This results in a
tremendous overall improvement to the

7TDEOH $EVROXWH DQG UHODWLYH DPSQEWXGBHIDFFX3DS-F\ FRPSDULVRQ

Source of uncertaintyMeasurement of a 10-GHz signal@dBm

RBW switching uncertainty compared Absolute uncertainty of  Relative uncertainty of second
to analog implementations. fundamental at 10 GHz ~ harmonic at 20 GHz

8563EC N9030A PXA 8563EC N9030A PXA
Amplitude uncertainty Calibrator +0.3dB  N/A N/A N/A
examples Absolute amplitude  N/A +0.24 dB N/A N/A

/HWjV ORRN DW VRPH DPSCLWI¥EH xoFrHU
tainty examples for various measure- Attenuator N/A N/A N/A N/A

ments. Suppose we want to measure a Frequency response + 2.9 dB +2.0dB +(22+25)dB *(2.0+2.0)dB
1-GHz RF signal with an amplitude of Band swntchlng uncerN/A N/A +1.0dB N/A
4 G%P 1 ZH XVH D .H\VLIKW,3:$ ;
Series signal analyzer with Atten = 10
dB, RBW = 1 kHz, VBW = 1 kHz, Span= 90 N/A N/A N/A N/A
N+] 5HI OHYHO q G%PREYESWIghngon N/A +0.034d8 N/A N/A
and coupled sweep time, and an ambi- 'LVSOD\ VFDONA 0 GH@Dbwr\dB +0.85dB +0.07 dB
HQW WHPSHUDWXUH RI  WiBta| wart-c¥KH +320dB  +2.34dB +6.55 dB +4.07 dB
VSHFLOFDWLRQV WHOO XV LWéér@aWtyWKH DEVROXWH
XQFHUWDLQW\ HTXDOV & "o Gl REMny < T 201d8  +2.02dB +317 dB +2.83dB

absolute frequency response. The MXA
X-Series signal analyzer measuring the
same signal using the same settings
ZRXOG KDYH D VSHFLoHG XQFHUWDLQW\ RI
[0 SOXV WKH DEVROXWRréguthsHAEurddy
sponse. These values are summarized 8S XQWLO WKH ODWH V DEVF
LQ 7DEOH So far, we have focused almost exclu-  ¢requency uncertainty was measured
sively on amplitude measurements. LQ PHIJDKHUW] EHFDXVH WKH ol
At higher frequencies, the uncertainties Wh"’_‘t about frequengy measurements? a high-frequency oscillator operating
get larger. In this example, we want to Again, V_Ve can classify two brpad above the RF range of the analyzer, and
measure a 10-GHz signal with an am-  Categories, absolute and relative WKHUH ZDV QR DWWHPSW WR W
plitude of =10 dBm. In addition, we also frequency measurements. Absolute a more accurate reference oscillator.
want to measure its second harmonic measurements are used to measure 7TRGD\jV /2V DUH VIQWKHVL]HG \
DW  *+] $VVXPH WKH-IROWRHALIYAPKBQRFLHV RI VSH %&%Faocﬁvé&%?s}élutéfFeLcHuency
surement conditions: 0 to 55 °C, RBW example, we might want to measure uncertainty is often described under
N+] $WWHQ G% 5 ﬁlra@%quq@ast s.lgnal to verify itis the frequencyreadout accuracy speck

g G%P ,Q 7DEOH ZH FRPIRYAHTS assigned frequency. o F D WahdRr€Jers to center frequency,
the absolute and relative amplitude Absolute measur.emen.ts are also used start, stop and marker frequencies.
uncertainty of two different Keysight to analyze undesired signals, suc.h as
spectrum and signal analyzers, an when you search for spurs. Relative With the introduction of the Keysight

(& ZLWK DQDORJ ,) D Qeagurements, onthe other hand, $ LQ FRXQWHU OLNH IUHT
PXA (with digital IF). are useful for discovering the distance accuracy became available in a gen

between spectral components or the eral-purpose spectrum analyzer, and

modulation frequency. ovenized oscillators were used to reduce
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drift. Over the years, crystal reference
oscillators with various forms of indirect
synthesis have been added to analyz
ers in all cost ranges. The broadest

In a factory setting, there is often an

in-house frequency standard available
that is traceable to a national standard.
Most analyzers with internal reference

GHOQLWLRQ RI LQGLUHFW ¥9sdiatokstaNolv\yol 16 usekaD extarhiklH

frequency of the oscillator in question is
in some way determined by a reference
oscillator. This includes techniques such
as phase lock, frequency discrimination
and counter lock.

What we care about is the effect
these changes have had on frequency
accuracy (and drift). A typical readout
accuracy might be stated:

* [(freq readout x freq ref error) + A% of
span + B% of RBW + C Hz]

Note that we cannot determine an
exact frequency error unless we know
something about the frequency refer-
ence. In most cases, we are given an
annual aging rate, such as + 1 x 10
per year, though sometimes aging is
given over a shorter period (for ex-
ample, * 5 x 1010 per day). In addition,
we need to know when the oscillator
was last adjusted and how close it was
set to its nominal frequency (usually 10
MHz). Other factors that we often over-
look when we think about frequency
accuracy include how long the refer-
ence oscillator has been operating.

reference. The frequency reference
error in the foregoing expression then
becomes the error of the in-house
standard.

When you make relative measure-
ments, span accuracy comes into play.
For Keysight analyzers, span accuracy
generally means the uncertainty in the
indicated separation of any two spectral
components on the display. For exam
ple, suppose span accuracy is 0.5% of
span and we have two signals separated
by two divisions in a 1-MHz span (100
kHz per division). The uncertainty of the
signal separation would be 5 kHz. The
uncertainty would be the same if we
used delta markers and the delta read
LQJ ZDV N +]
N+] ce N+]

When making measurements in the

careful to place the marker exactly at
the peak of the response to a spectral
component. If we place the marker at
some other point on the response, we
will get a different frequency reading.
For the best accuracy, we may narrow
the span and resolution bandwidth to
minimize their effects and to make it
easier to place the marker at the peak
of the response.

Many analyzers have marker modes
that include internal counter schemes
to eliminate the effects of span and
resolution bandwidth on frequency
accuracy. The counter does not count
the input signal directly, but instead
counts the IF signal and perhaps one

RU PRUH RI WKH /2V DQG WKH

computes the frequency of the input
signal. A minimum signal-to-noise ratio
is required to eliminate noise as a fac-
tor in the count. Counting the signal in

6R ZH ZR XQhs IP&l ¥Iidihktes the need to place

the marker at the exact peak of the
signal response on the display. If you
are using this marker counter function,

0OHOG ZH W\SLFDOO\ ZDb Q \pladeRiekl anywdier Xiear @ak of

lyzer on, complete our task, and move
on as quickly as possible. It is helpful to
know how the reference in our analyzer
behaves under short warm-up condi-
tions. For example, the Keysight ESA-E
Series portable spectrum analyzers will

WKH VLIQDO VXIoFLHQWO\ RXW

will do. Marker count accuracy might
be stated as:

* [(marker freq x freq ref error)
+ counter resolution]

ODQ\ RVFLOODWRUV WDNHPHWW SXEROXWKHG VSHFLoFDWLRQV DIWHU D
WR UHDFK WKHLU VSHFL o HGnituté whh ypDWH 7R

minimize this effect, some spectrum
analyzers continue to provide power
to the reference oscillator as long as
the instrument is plugged into the AC
power line. In this case, the instrument
is not really turned “off.” It is more
accurate to say it is on “standby.” We
also need to consider the temperature
stability, as it can be worse than the
drift rate. In short, there are a number
of factors to consider before we can
determine frequency uncertainty.

Most analyzers offer markers you can
put on a signal to see amplitude and
absolute frequency. However, the
indicated frequency of the marker is a
function of the frequency calibration of
the display, the location of the marker
on the display and the number of
display points selected. Also, to get the
best frequency accuracy, we must be
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We must still deal with the frequency
reference error, as we previously
discussed. Counter resolution refers to

WKH OHDVW VLIQLoFDQW GLJLW

readout, a factor here just as with any

simple digital counter. Some analyzers
allow you to use the counter mode with
delta markers. In that case, the effects

RI FRXQWHU UHVROXWLRQ DQG

frequency would be doubled.



Chapter 5. Sensitivity and Noise

Sensitivity

One of the primary ways engineers use
spectrum analyzers is for searching out
and measuring low-level signals. The
limitation in these measurements is the
noise generated within the spectrum
analyzer itself. This noise, generated by
the random electron motion in various

FLUFXLW HOHPHQWYV LV Dﬁ&%&?t’ﬂ&at}géluﬁ’e

ple gain stages in the analyzer and ap-
pears on the display as a noise signal.
On a spectrum analyzer, this noise is

commonly referred to as the displayed

high enough in amplitude that the noise
generated in subsequent gain stages
adds only a small amount to the total
noise power. The input attenuator and
one or more mixers may be between and other circuit elements prior to the

the input connector of a spectrum ana- oUvw JDLQ VWDJH :H FDQQRW |
O\]HU DQG WKH oUVW VW DabdutRHe ddh\esiolsSofdh@ Mix-

of these components generate noise. ers, but we can change the RF input

However, the noise they generate is attenuator. This enables us to control

Wlm of WKH LQSXW VLJQDO SRZHU WR \
q G%P +] VR WKH\ 6R Q R tMik dlahge the displayed signal-

cantly affect the noise level input to the WR QRLVH pRRU UDWLR &OHDU
oUvw JDLQ VWDJH DQG LVW\WRDIRPEWLSEDWLRAANFWLQJ PLQ
W\SLFDOO}_\| LQVLJQLoFDQ Wzero) RF attenuation.

it is well above the effective (displayed)
QRLVH pRRU 7KH HIIHFWLYH LQ
pPRRU LQFOXGHV WKH ORVVHV F
input attenuator, mixer conversion loss,

DYHUDJH QRLVH OHYHO RU '$1/ 7K

QRLVH SRZHU REVHUYHG L\%ilg\/t%"ihp;tﬁ%l/tehu\étd?,mixerand

combination of thermal noise and the

QRLVH 0JXUH RI WKH VSHFlybLé)S(PWD

While there are techniques to measure

VLIQDOV VOLJKWON EHORZ,NUK ey 43 havl/dira¥ied effect

noise power ultimately limits our ability
to make measurements of low-level
signals.

/IHWjV DVVXPH D
is attached to the spectrum analyzer
input to prevent any unwanted signals
from entering the analyzer. This passive
termination generates a small amount
of noise energy equal to kTB, where:

k = Boltzmann’s constant
[ 9 joule/K)
T = temperature, in Kelvin
B = bandwidth in which the noise is
measured, in Hertz

The total noise power is a function of

measurement bandwidth, so the value
is typically normalized to a 1-Hz band-
width. Therefore, at room temperature,

WKH QRLVH SRZHU GHQVLW\ LV g

RKP WH&éé’rédQPe

Because the input attenuator has no
effect on the actual noise generated in
WRuU D Q G otHe/swstehl) Edne\ewlipspectrum ana-
have little effect on the actual system lyzers simply left the displayed noise
at the same position on the display
regardless of the input attenuator set-
ting. That is, the IF gain remained con-
stant. In this case, the input attenuator
affected the location of a true input

other circuit elements between the

on the ability of an analyzer to display
low-level signals because they at-
tenuate the input signal. That is, they

reduce the )s4\i£nal-to-noise ratio and so
i signal on the display. As input attenu-

i

ation was increased, further attenuat-
‘H FDQ GHWHUPLQH WKH '$gth¥ inpuSsyhak the location of the
noting the noise level indicated on the signal on the display went down while
display when the spectrum analyzer the noise remained stationary.
input is terminated with a 50-ohm load.
This level is the spectrum analyzer’s
RZQ QRLVH pRRU 6LJQDOV EHORZ WKLY OHYHO
are masked by the noise and cannot be
VHHQ +RZHYHU WKH '$1/ LV QRW WKH DF
tual noise level at the input, but rather
the effective noise level. An analyzer
GLVSOD\ LV FDOLEUDWHG WR UHpHFW WKH OHYHO
of a signal at the analyzer input, so
WKH GLVSOD\HG QRLVH pRRU UHSUHVHQWYV D
oFWLWLRXV RU HIITHFWLYH QRLVH pRRU DW WKH

input.
G%P

*1 tKHQ WKLV QRLVH UHD RKH ¥l fole ReeYaline input is

gain stage in the analyzer, the ampli-

oHU ERRVWYV WKH QRLVH SQXNV DGEM Y

of its own. As the noise signal passes
on through the system, it is typically

a function of the input signal. Indeed,

ggdﬁal of inter-
HVW /LNH DQ\ GLVFUHWH VLJQDO D QRLVH
signal is much easier to measure when

1. Displayed average noise level is sometimes confused with theetm “sensitivity.” While related, these terms have different nreanings. Sensitivity is a
PHDVXUH RI WKH PLQLPXP VLIQDO OHYMW® WQRDWH\ UKDOVAEWR D6G B o RY G MY JHIDUWOR UFURWUD GAF U HWHLLW B

SHUIRUPDQFH

6SHFWUXP DQDO\]HU V HFQ W\WHDWPMNR RVWIKUIHH' IO ZD\V JLYH
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%HJILQQLQJ LQ WKH ODWH V. VSHFWUXP
analyzer designers took a different ap-
proach. In newer analyzers, an internal
microprocessor changes the IF gain to
offset changes in the input attenuator.
Thus, signals present at the analyzer’s
input remain stationary on the display
as we change the input attenuator,
while the displayed noise moves up and
down. In this case, the reference level
remains unchanged, as shown in Figure
5-1. As the attenuation increases from
WR WR G% WKH GLVSOD\HG QRLVH
ULVHV ZKLOH WKH ¢ G%P VLIQDO UHPDLQV
constant. In either case, we get the
best signal-to-noise ratio by selecting
minimum input attenuation.

Resolution bandwidth also affects
signal-to-noise ratio, or sensitivity.

The noise generated in the analyzer is
random and has a constant amplitude
over a wide frequency range. Since the
UHVROXWLRQ RU ,) EDQGZLGWK oOWHUV FRPH
DIWHU WKH oUVW JDLQ VWDJH WKH WRWDO QRLVH
SRZHU WKDW SDVVHV WKURXJK WKH oOWHUYV LV
GHWHUPLQHG E\ WKH ZLGWK RI WKH oOWHUYV

This noise signal is detected and ulti-

mately reaches the display. The random

nature of the noise signal causes the

displayed level to vary as:

Figure 5-1. In modern signal analyzers, reference levels remain constant when you change input attenuation

10 log (BW /BW,)

where

BW, = starting resolution bandwidth
BW = ending resolution bandwidth

So if we change the resolution band-

width by a factor of 10, the displayed

noise level changes by 10 dB, as shown

LQ )LIXUH JRU FRQWLQXRXV ZDYH
(CW) signals, we get best signal-to-

noise ratio, or best sensitivity, using the

minimum resolution bandwidth avail-

able in our spectrum analyzer.
YLIXUH 'LVSOD\HG QRLVH OHYHBWRRDQJHV DV ~ ORJ %:

Broadband, pulsed signals can exhibit the opposite behavior, where #81SNR increases as the bandwidth gets larger.
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A spectrum analyzer displays signal

plus noise, and a low signal-to-noise

UDWLR PDNHV WKH VLJQDO GLIOFXOW WR GLV
tinguish. We noted previously that the

YLGHR oOWHU FDQ EH XVHG WR UHGXFH WKH
amplitude fluctuations of noisy signals

without affecting constant signals.

JLIXUH VKRZV KRZ WKH YLGHR oOWHU

can improve our ability to discern low-

OHYHO VLJQDOV 7KH YLGHR oOWHU GRHV QRW
affect the average noise level and so

GRHV QRW E\ WKLV GHoOQLWLRQ DIIHFW WKH
sensitivity of an analyzer.

In summary, we get best sensitivity for
narrowband signals by selecting the
minimum resolution bandwidth and mink
mum input attenuation. These settings
give us the best signal-to-noise ratio. We
can also select minimum video band
width to help us see a signal at or close
to the noise level . Of course, selecting
narrow resolution and video bandwidths
does lengthen the sweep time.

1RLVH pRRU HIWHQVLRQ

While lowering an analyzer’s inherent

QRLVH pRRU WKURXJK KDUGZDUH GHVLJQ

and component choices is obviously

EHQHOFLDO IRU G\QDPLF UDQJH WKHUH DUH
practical limits, and another approach

RITHUV VLIQLOoFDQW LPSURYHPHQW :LWK
VXIoFLHQW SURFHVVLQJ DQG RWKHU WHFKQL
cal innovations, the noise power in a

signal analyzer can be modeled and

subtracted from measurement results

to reduce the effective noise level. In

the Keysight PXA signal analyzer this

RSHUDWLRQ LV FDOOHG QRLVH pRRU H[WHQVLRQ

(NFE).

Generally, if you can accurately identify
the noise power contribution of an ana
lyzer, you can subtract this power from
various kinds of spectrum measure
ments. Examples include signal power
or band power, ACPR, spurious, phase
noise, harmonic and intermodulation
distortion. Noise subtraction tech-
niques do not improve the performance
of vector analysis operations such as
demodulation or time-domain displays
of signals.

Keysight has been demonstrating

noise subtraction capability for some
time, using trace math in vector signal
analyzers to remove analyzer noise from
spectrum and band power measure-
ments. (Similar trace math is available

in the Keysight X-Series signal analyz-
ers.) This capability is effective, though

J)LIXUH 9LGHR oOWHULQJ PDNHV ORZ OHYHO VLJQDOV PRUH GLVFHUQL

somewhat inconvenient. It involves dis

connecting the signal from the analyzer,

measuring analyzer noise level with a

large amount of averaging, reconnect-

ing the signal and using trace math to

display a corrected result. It is neces-

sary to re-measure the analyzer noise

SRZHU HYHU\ WLPH WKH DQDO\]|

For the effect of noise on accuracy, see “Dynamic range versus measuremewmncertainty” in Chapter 6.
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ration (frequency center/span, attenu-
ator/input range, resolution bandwidth)
changed.

The Keysight PXA analyzers dra-

matically improve this measurement

technique for many measurement

situations. Critical parameters that

GHWHUPLQH WKH DQDO\]HUjV QRLVH pRRU
are measured when it is calibrated,

and these parameters are used (with

current measurement information such

as analyzer temperature) to fully model

WKH DQDO\]HUjV QRLVH pRRU LQFOXGLQJ
FKDQJHV LQ DQDO\]HU FRQOoJXUDWLRQ DQG
operating conditions. The analyzer’s

noise power contribution is then au

tomatically subtracted from spectrum

and power measurements. This process

LQ WKH 3;$ LV FDOOHG QRLVH pRRU H[WHQ
sion and is enabled with a keystroke in

the Mode Setup menu. An example is

shown in Figure 5-4. YJLIXUH 1RLVH pRRU H[WHQVLRQ YLHZ RI KDUPRQLFV
The effectiveness of NFE can be ex- 1RLVH 0JXUH the signal level at the output (indicated
pressed in several ways. Average noise on the display) is the same as the level

SRZHU LQ WKH GLVSOD\ '$Mapy I’EQPI%WB%WBFS specify at the input (input connector). So our

UHGXFHG E\ WR G% L chﬁ/%wﬂ‘%ﬁ%ﬂ |UrF9e|vers in expression, after substitution, cancel

ORZ EDQG EHORZ *+] D LVH oJXUH Ulgtgynlﬁahi&]reé{yrgn[a&ne%#bgcomes

G% LQ LWV KLJK EDQG D%IIMIL}IM/GWI”,\S_D w you how the two

While the apparent noise level will can be equated. A spectrum analyzer F=N/N;

be reduced, only the analyzer's noise is a receiver, and we will examine noise

power is being subtracted. Therefore, 0JXUH RQ WKH EDVLV RI D TKi% &égs%&netéﬂsousl'ﬂ%lsaﬁf We need

the apparent power of signals in the WR GR WR GHWHUPLQH WKH QRI

display will be reduced if the analyzer’'s 1IRLVH 0JXUH FDQ EH GHo Q:%a%\{hev}{&s'é level as read on

QRLVH SRZHU LV D VLJQL ot ey¥aion® ganai#orngisr i the display to the true (not the effec-

power, and not otherwise. as a signal passes through a device, a ey noise level at the input connector.
spectrum analyzer in our case. We can 1RLVH 0JXUH LV XVXDOO\ H[SUH

Thus measurements of both discrete H[SUHVV QRLVH 0JXUH DV terms of dB, or:

VLIQDOV DQG WKH QRLVH pRBINRI VLIQDO

sources connected to the PXA are more = m NF = 10 log(F) = 10 log(N) — 10 log(N).

accurately measured with NFE enabled.

NFE works with all spectrum measure-  Where We use the true noise level at the input,

ments regardless of RBW or VBW, and ) QRLVH 0JXUH DV SRZH UraHQrYHém'?he Bf%é{ ﬁe noise level,

it also works with any type of detector known as noise factor) because our input signal-to-noise ratio

or averaging. S; = input signal power was based on the true noise. As we saw
N; = true |npgt noise power earlier, when the input is terminated in
So = output signal power 50 ohms, the kTB noise level at room

. . N, = output noise power temperature in a 1-Hz bandwidth is
More information q G®%P
We can simplify this expression for

For more information on using our spectrum analyzer. First of all, the
QRLVH pRRU H[WHQVLRQ g3 (DI tHe it iignal times
to, Using Noise Floor Extension in the the gain of the analyzer. Second, the

PXA Signal Analyzéxpplication gain of our analyzer is unity because
Note, literature number 5990-

(1
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We know the displayed level of noise on  analyzer, we can obtain a system Testing by experiment means we must

the analyzer changes with bandwidth. SUHDPSOL0oHU VSHFWU X P hav@ héequipientaRHakddWe do

So all we need to do to determine the 0JXUH ORZHU WKDQ W KD Wn& headkdivarfrg Blbie W iuidiibers. We

QRLVH 0JXUH RI RXU VS H FaldlyXdp aldrig DT@theHekient that we VLPSO\ FRQQHFW WKH SUHDPSO
is to measure the noise power in some ORZHU WKH QRLVH 0JXUH afdlyzBrOnhviRthe R\&tage\didplayed

bandwidth, calculate the noise power the system sensitivity. noise level and subtract the gain of the
that we would have measured in a 1-Hz SUHDPSOLoOHU 7KHQ ZH KDYH W

bandwidth using 10 log(BW /BW ), and 'KHQ ZH LQWURGXFHG QRLMbfoheXéysten. Q WKH
FRPSDUH WKDW WR q G YpPevious discussion, we did so on the

basis of a sinusoidal input signal. We However, we really want to know ahead
For example, if we measured —110 dBm FDQ H[DPLQH WKH EHQHOWRIRW DPSHUHKOPW D SUHDPSOLOHU
in a 10-kHz resolution bandwidth, we SOLoHU RQ WKH VDPH EDV LY We BandtHtel te tivo cases above
would get: SUHDPSOLOHU DOVR DPSOlasiNoWdRLVH DQG
this output noise can be higher than the
NF = [measured noise in dBm] — effective input noise of the analyzer. In If NFore + Gore NFg, + 15 dB,
10 log(RBWI/1) —KTB;_; 1y, the “Noise as a signal” section later in Then NFys = NRye d G %
g G%»P g ORJ g q tkdskapter, you will see how a spee
q q trum analyzer using log power averaging And
G % GLVSOD\V D UDQGRP QRLVH VLJQDO G %
below its actual value. As we explore NFore * Gpre 1) - 10 dB,
1RLVH 0JXUH LV LQGHSHQ GHOWPSIOEDBGEGY zH VKDOO DFERNew R\ saw Bures
width4. Had we selected a different G% IDFWRU ZKHUH DSSURSULDWH ]
resolution bandwidth, our results Using these expressions, we’ll see how
would have been exactly the same. Rather than develop a lot of formu- D SUHDPSOLoHU DITHFWV RXU V
For example, had we chosen a 1-kHz ODV WR VHH ZKDW EH Q H o WS®Me jhaigur spropugy analyzer
resolution bandwidth, the measured SUHDPSOLOHU OHW XV ORRRVDR QPRAR H@WEHPR!I  G% DQ
QRLVH ZRXOG KDYH EHHQ epses awhseeDpvpes each might ap- SUHDPSOLoHU KDV D JDLQ RI

ORJ 5%: ZRXOG KDYH MM HiGt, if the noise power out of the QRLVH 0JXUH Rl G% $0O0 ZH Q
Combining all terms would have given SUHDPSOLOHU LQ D EDQGZXVeWk HRXPRUWRVKH JDLQ SOXV
qa q G% WKH V Dhtpf the spectrum analyzer) is at RI WKH SUHDPSOLoHU WR WKH (
QRLVH 0JXUH DV DERYH OHDVW G% KLJKHU WK D @ WaEpeotsry apajyzgrciige gain

VSHFWUXP DQDO\JHU WKHSPRWHRL% g JRKUH RI WKH SUHI
7KH G% QRLVH 0JXUH L theRrystemHs apprexanately that of the 44 dB, more than 15 dB higher than the
tells us that a sinusoidal signal must SUHDPSOLOHU OHVYV G%Qak\éHFﬁbxgﬁ RI WKH VSHFWUXF
EH G% DERYH N7% WR Etbll iHNis(Oti® assR? @iy connect VR WKH QRLVH oJXUH RT-WKH St
displayed average noise level on this WKH SUHDPSOLoOHU WR W KHeHEH 4] compgation is that

particular analyzer. Thus we can use note what happens to the noise on the RI' WKH SUHD P_S OLo H_U OHVYV (
QRLVH 0JXUH WR GHWH U P tigplay.W i gpessup/15 dB or more, we dB. In a 10-kHz resolution bandwidth,
for a given bandwidth or to compare KDYH IXOoOOHG WKLYV UHT&KHH%WSOLOHU DQDO\]HU V)
'$1/V Rl GLIIHUHQW D QD O Qmthewtierhan, ifthk ppise power sensitivity of:
same bandwidth5 RXW RI WKH SUHDPSOL oH KTE3 b 19509 (REWKHNFys

same bandwidth as that of the spec- a

: q G%P

3UHDPSOLOHUV trum analyzer) is 10 dB or more lower

than the displayed average noise level . )
2QH UHDVRQ IRU LQWURG X QK@RBY B I KUH wKH QRIS TRGYE™eR o185 4B
is that it helps us determine how much  gystem is that of the spectrum analyzer RYHU WKH q  G%P QRLVH pRRU
EHQHOW ZH FDQ GHULYH I WRR/ Wik M Vald 1IR3 R1 wkH sUMBB SIS LpT Y
D SUHDPSOLoHU $  G% QfkleXitestbifidddection. Connect ,
while good for a spectrum analyzer,is ~ WKH SUHDPSOLoHU WR W Kkr)'(P\")f‘iYgEth\i\lrf(ﬁ“ﬂ?ht Ps agrpypack to

not so good for a dedicated receiver. displayed noise does not change, we e LV SuU :| Db.P f 0] L|fo HU GHS
However, by placing an appropriate KDYH IXO00OHG WKH UHT fErWH'BEFd;\ﬁFS”rem?”, ovjective.
SUHDPSOLOHU LQ IURQW RI WKH VSHFWUXP we want the best sensitivity but no loss

4. 7KLV PD\ QRW DOZzZD\V EH SUHFLVHO\ WWHKR Il /&K H ZDY H g VEREXCDXON 1 HRW) EEHDRDGZ L G W W W IOBAXAMH & HIRWW R § V
IF chain.

5. 7KH QRLVH 0JXUH FRPSXWHG LQ WKLV PDQQHU HRIDQQRMHEWHAL BHF DOX H RVKSHD KRHHED WXRUW EDQAR RV HYy V
XQGHUVWDWHY WKH DFWXDO QRLVH E\ G% bPHY WHKWHHEY MWKQLWEWDSHWGHURLVH DV D VLJIQ
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Rl PHDVXUHPHQW UDQJH WHKUW W @ WBHDHFHO IRoHW PHD V XARHPKIRRW H DMXKIHH FRUUHFW SUHDI
is not the right choice. Figure 5-5 il- LV G % G% OHVV W Kisplook av/duRmersurement needs.

lustrates this point. A spectrum analyzer WKH SUHDPSOLoHU 7KH OIRweWabht@bBotily Kédést sensitivity

ZLWK D G% QRLVH o0JXU lmehtrange &DaYskhedc@ange in the and are not concerned about measure-

average displayed noise level of —110 GLVSOD\HG QRLVH ZKHQ Wneht r&geivizeRvdidichdbse & Mgh-

dBm in a 10-kHz resolution bandwidth. connected. JDLQ ORZ QRLVH 0JXUH SUHDPS
If the 1-dB compression point for that that our system would take on the noise
analyzer is 0 dBm, the measurement JLQGLQJ D SUHDPSOLOHU WWKBXWH RO QVEHY HUHDPSOLoHU OH
range is 110 dB. When we connect the better sensitivity without costing us If we want better sensitivity but cannot
SUHDPSOLoOHU ZH PXVW UrHe@sdiementringe BiQdtes that we afford to give up any measurement

mum input to the system by the gain of  must meet the second of the above crite  range, we must choose a lower-gain

WKH SUHDPSOLoHU WR q rig #hais,the ZurmYvHts/gain and noise SUHDPSOLOHU

ZKHQ ZH FRQQHFW WKH SWHRBB XMW EW KOHNV O H D V Wintere3tinglp éhbugh Wik a0 use the

displayed average noise level will riseby WKH QRLVH 0JXUH RI WKH MfithRahuatrf bhedp&atrim analyzer

DERXW G% EHFDXVH WKH QRLWHKISSREBVH WKH GWBGD\H&EWIRIHVH GRIRUDGH WKH
RXW RI WKH SUHDPSOLoH WilLnét dhahievdotieZabl when we RU UHGXFH WKH JDLQ RI WKH &
higher than the analyzer’s own noise FRQQHFW WKH SUHDPSOL dfitdu pkéefer) DForVéxarel i we need

pRRU HYHQ DIWHU DFF R X®a8HifQxde WRdle veldddirement range  slightly better sensitivity but cannot

dB factor. It is from this higher noise GRZQ E\ WKH JDLQ RI WK Haf®ldlibyRe ip LaoyH tdeaZiirement

level that we now subtract the gain of end up with the same overall range we  range, we can use the above preampli-

WKH SUHDPSOLoOHU -LWK ¥¥aked BithHDPSOL oHU ZLWK G% RI 5) LQSXW DW

Spectrum analyze Spectrum analyzer and preampli er

1 dB compression

OdBm(

Gpre
System 1 dB compression
s —36 dBn

110 dB spectrum
analyzer range

92.5dB
system

range DANL 4
—-92.5 db

DANL
_110 dBm™ Gore

\ System sensitiyit

—-128.5 dB

YLIXUH .1l GLVSOD\HG QRLVH JRHV XS ZKHQVX SHPIBD@®OUD 8 UHLVVFEQRIHAWHKEGPEHDNKH DPRXQW WKH QRLV

6. See the section titled “Mixer compression” in Chapter 6.
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on the spectrum analyzer. This attenu
DWLRQ LQFUHDVHYV WKH QRLVH 0JXUH RI WKH
DQDO\]HU IURP WR G% 1RZ WKH \
JDLQ SOXV QRLVH 0JXUH RI WKH SUHDPSOL /
oHU LV G% OHVV | |WKDQ WKH AL ,’/
QRLVH 0JXUH RI WKH DQDO\J]HU DQG ZH \I_J J
have met the conditions of the second y N
criterion above. //// \ I_l)
7KH QRLVH 0JXUH RI WKH V\VWHP LV QRZ \
NFsys = Nfsa — GprE \\
G% ¢ G % L
=18 dB ~
This represents a 6-dB improvement
RYHU WKH QRLVH 0JXUH R|I| WKH DQDO\]JHU
alone with 0 dB of input attenuation. So
we have improved sensitivity by 6 dB JLIXUH 6\WWHP QRLVH 0JXUH IRU VLQXVRLGDO VLJIJQDOV
and given up virtually no measurement
range. Next, let’s try two numerical examples. ZLWK D EXLOW LQ SUHDPSOLoH!
Above, we determined that the noise WKH SUHDPSOLoOoHU VSHFWUXP |
21 FRXUVH WKHUH DUH SUKBRSORPHKY WKBW\]HU L \combigaton iskclirated as a system,
fall in between the extremes. Figure ZRXOG WKH V\VWHP QRL YV Hnd anplitideEvdiues displayed on
5-6 enables us to determine system DGG D .H\VLIKW ' DP SO bweetardali@atiyi corrected for proper

QRLVH oJXUH TURP D NQRZQHEIHoRUWK WK D QRLVH ceaddutHWRH &b ERetal preampli
QRLVH 0JXUHV RI WKH VSHFWH HHBAP PBIHPRI 6% " QgHUVVRXIPXVW FRUUHFW WKH V

DQG SUHDPSOLoHU DQG WK@P J D4, R k1¥Vd8 Herom the analyzer reading with a reference level
DPSOLoHU ‘H HQWHU WKH JJGJBESSK( 1L H ZH o Q Gfffet ¥guaMbHHe preamp gain. Most

5-6 by determining NFppe+ Gppe— QRLVH 0JXUH BJ-DIBRIE,W 1)modern spectrum analyzers allow you

NFg,. If the value is less than zero, we RU DERXW q G% 7t ehtdruta §ain value of the external

0QG WKH FRUUHVSRQGLQJ QW W MRIKHW K H G% SOFWRSORQHWKKHRP WKH IURQW
dashed curve and read system noise other hand, if the gain of the preampli- analyzer then applies this gain offset

0JXUH DV WKH OHIW RUGLQRW H W @1 \MHWY PF\,/RQR/CPQQI K H Q tad )he displayed reference level value,

dB above NFs,— Gpge If NFope+ Goge — NFg, is —6 dB. This time the graph so you can directly view corrected

“NFga LV D SRVLWLYH YDOXH o&l e@W HYKB! v\ v W H P ,Q R LiveriswenebtsiomR theldisplay.

corresponding point on the solid curve — Gpge G% RU q

and read system noise G% ‘H GLG QRW LQWURGYEU WU ~ oL
0JXUH DV WKH ULJKW RUG QR Weioh®y WEWR YeBiined  More information
dB above NFype WKH QRLVH 0JXUH RI WKH

because we read the measured noise For more details on noise
JHWJV 0UVW WHVW WKH W ZReS-Han B ofeBiy, etk Reed 0J X U H Fondihhentals of

cases. Q RLVH L Q FOXGHG WKH RF and Microwave Noise Figure
MeasurementsApplication Note,

As NFope+ Gope— NFgbecomesless  \any modern spectrum analyzers have literature number
WKDQ q G% ZH 0QG WKDW JWMWBD Q@ RELMbw LQ SUH ( I
0JXUH DVIPSWRWLFDOO\ DERFEBHPHEKEVYWR H[WHUQDO _ _.. _ . ____. . _.
NFsp— Gpre EXLOW LQ SUHDPSOLOHUV VLPSOLI\ PHDVXUH
As the value becomes greater than ment setups and eliminate the need for
G% VAVWHP QRLVH oJXUkitRna) BabWR Mehsuring signal

cally approaches Nippe OH V'V G Y%amplitude is much more convenient
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Noise as asignal

So far, we have focused on the noise
generated within the measurement
system (analyzer or analyzer/preampti
oHU
ment system’s displayed average noise
level limits the overall sensitivity. How-
ever, random noise is sometimes the
signal we want to measure. Because
of the nature of noise, the superhet-
erodyne spectrum analyzer indicates
a value that is lower than the actual
YDOXH RI WKH QRLVH
so and how we can correct for it.

By random noise, we mean a signal
whose instantaneous amplitude has
a Gaussian distribution versus time,
DV VKRZQ LQ )LJXUH
WKHUPDO RU -RKQVRQ QR
acteristic. Such a signal has no discrete
spectral components, so we cannot
select some particular component

and measure it to get an indication of
VLIQDO VWUHQJIWK
what we mean by signal strength. If
we sample the signal at an arbitrary
instant, we could theoretically get any
amplitude value. We need some mea-
sure that expresses the noise level
averaged over time. Power, which is of
course proportionate to rms voltage,

)R

‘H GHVFULEHG KRZ WKH PHDVXUH

YJLIXUH
Random noise has
a Gaussian ampli-
tude distribution

/IHWjV VHH ZK\ WKLV LV

U H[DPSOH
LVH KDV WKLV FKDU

Figure 5-8. The
envelope of band-
limited Gaussian
noise has a Ray-
leigh distribution

averaging. The mean value of a Rayleigh
GLVWULEXWLRQ LV

,Q IDFW ZH PXVW GHoQH

However, our analyzer is a peak-
responding voltmeter calibrated to in-
dicate the rms value of a sine wave. To
convert from peak to rms, our analyzer

VFDOHV LWV UHDGRXW E\

mean value of the Rayleigh-distributed
noise is scaled by the same factor,

VDWLVOHV WKDW UH T XL U HgRHgud/a reading of 0.886 (1.05 dB

We have already seen that both video

below ). To equate the mean value dis-
played by the analyzer to the rms volt-

OOWHULQJ DQG YLGHR DY HgebfthednputrndiSeXskhhl, we must
WKH SHDN WR SHDN pXFW Xdat Rhe &rorkh the displayed

signal and can give us a steady value.
We must equate this value to either
power or rms voltage. The rms value
of a Gaussian distribution equals its
standard deviation, .

value. Note, however, that the error is
not an ambiguity; it is a constant error
that we can correct for by adding 1.05
dB to the displayed value.

In most spectrum analyzers, the display

/HWjV VWDUW ZLWK RXU D Qd24M [Ibigbrllieanii lt@geyHribrols

display mode. The Gaussian noise at the
input is band limited as it passes through
the IF chain, and its envelope takes on

a Rayleigh distribution (Figure 5-8). The
noise we see on our analyzer display,
the output of the envelope detector, is
the Rayleigh-distributed envelope of the
input noise signal. To get a steady value,

the scale on which the noise distribu-
tion is averaged with either the VBW

lower values. As a result, the output

of the envelope detector is a skewed

Rayleigh distribution, and the mean

YDOXH WKDW ZH JHW IURP YLGF
averaging is another 1.45 dB lower. In

the log mode, then, the mean or aver-
DJH QRLVH LV GLVSOD\HG
Again, tlys eBdis ndtldiHambiguity,

and we can correct for it .

G %

7KLV LV WKH G% IDFWRU ZH |
IRU LQ WKH SUHYLRXV-SUHDPSC
sion, when the noise power out of the
SUHDPSOLOHU ZDV DSSUR[LPDW!
or greater than the analyzer’s own noise.

Another factor that affects noise
measurements is the bandwidth in
which the measurement is made. We
have seen how changing resolution
bandwidth affects the displayed level
of the analyzer’s internally generated
noise. Bandwidth affects external noise
signals in the same way. To compare

0oOWHU RU ZLWK WUDFH D WdasidmeRtd made orididferént ana

we use our analyzer in the log display
mode, and this mode adds to the error
in our noise measurement.

7KH JDLQ RI D ORJ DPSOLOHUWLR @O NX&HFKMM REK H

of signal amplitude, so the higher noise

lyzers, we must know the bandwidths
used in each case.

G% RU
bandwidth of the analyzer affect the

WKH PHDQ YDOXH ZH XVH YYDGBRHOVWHHLQRW LD P S OL o Féashryd RoGE levd), ¥the/ghaple of the

In X-Series analyzers, the averaging can be set to video, voltage or powems), independent of display scale. When using power averaging, no cor-
rection is needed, since the average rms level is determined by the square ofi¢ magnitude of the signal, not by the log or envelope of the voltage.
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UHVROXWLRQ oOWHU DOVR SOD\V D UROH 7R
PDNH FRPSDULVRQV SRVVLEOH ZH GHoQH
a standard noise-power bandwidth: the
ZLGWK RI D UHFWDQJXODU oOWHU WN(FE“\TV%SEIS%/({/B NFp’e+3dB
the same noise power as our analyzer’s m Noi
0OWHU )RU WKH QHDU *D Vgi{lsllt;&:(dBc;g 340 Gre * 2 0B NFyre + 2 dB
in Keysight analyzers, the equivalent
noise-power bandwidth is about 1.05 NFsa— Gyt 1dB NF e+ 1dB
WR WLPHV WKH G% EDQGZLGWK GH
pending on bandwidth selectivity. For NFRgp— q)re NFpre
example, a 10-kHz resolution band- -10 -5 0 +5  +10
ZLGWK oOWHU KDV D-QRLVH SRZHU EDQG NFyet Gre— NRsa (dB)
ZLGWK LQ WKH UDQJH RI WR N+]
YLIXUH 6\WWHP QRLVH 0JXUH IRU QRLVH VLJQDOV
If we use 10 log(BW/BW ) to adjust
the displayed noise level to what we
would have measured in a noise-power ~ Many of today’s microprocessor-con at the same level by the time it reaches
bandwidth of the same numeric value trolled analyzers allow us to activate the display. The input and internal noise
DV RXU G% EDQGZLGWK &nqisg oakex Whepwe do so, the signals add to raise the displayed noise
the adjustment varies from: microprocessor switches the analyzer E\ G% D IDFWRU RI WZR LQ SR
into the power (rms) averaging mode, ZH FDQ GHoQH WKH QRLVH 0JXU
ORJ q G 9% computes the mean value of a number  analyzer for a noise signal as:
to of display points about the marke#,
ORJ q G % hormalizes and corrects the value to NFsa) QRLV HzhiaRY
a 1-Hz noise-power bandwidth and 10 log(RBW/1) — kTB;_; G%
In other words, if we subtract some- displays the normalized value.
WKLQJ EHWZHHQ DQG G% IURP 0 ZH XVH WKH VDPH QRLVH pRRI
the indicated noise level, we have the The analyzer does the hard part. It is previously, =110 dBm in a 10-kHz reso-
noise level in a noise-power bandwidth easy to convert the noise-marker value lution bandwidth, we get:
that is convenient for computations. to other bandwidths. For example, if we
For the f0||owing examp|esy we will use want to know the total noise in a 4-MHz NFSA(N)= -110 dBm - 10 |Og(10,000/1)
0.5 dB as a reasonable compromise for communication channel, we add 10 q q G%P G % G%
the bandwidth correction8. log(4,000,000/1), or 66 dB to the noise-
marker valuet©, As was the case for a sinusoidal signal,
/HWjV FRQVLGHU WKH YDULRXV FRUUHFWLRQ NFga(nyis independent of resolution
factors to calculate the total correction SUHDPSOLOHU IRU @3Rdwigthfnd tells us how far above
for each averaging mode: kTB a noise signal must be to be equal
e measurements WR WKH QRLVH pRRU RI RXU DQI
Linear (voltage) averaging: Noise signals are typically low-level

Rayleigh distribution (inear mode): 1.05d8 VLJQDOV VR ZH RIWHQ QHKBQ@LZIUBGESH SUHDPSOLOoHU W
G% QRLVH SRZHU-EM@EBZLYWKWPYH VXIoFLHQW VHQMVILQOLOY\JWY WARKRIHD\WWXUHP QRLVH o

Total correction: 055dB them. However, we must recalculate sensitivity improve. However, we have
VHQVLWLYLW\ RI RXU DQDODKFHRX QUAHE I:RIUSW K H G% IDF\
Log averaging: YLRXVO\ GHoQHG VHQVLWGHLOWL OV INQKSD Itk yraphOf R |

/RJJHG 5D\OHLJK GLVWULEX$useidal signal tha i,equal to the VIVWHP QRLVH 0JXUH EHFRPHV '
G% QRLVH SRZHU-EQBZLE8WKSOD\HG DYHUDJH QRL Vigurp B-B We Gatépriite siysiebh noise

7RWDO FRUUHFWLRQ analyzer is catipggted to show the prop 0JXUH IRU QRLVH WKH VDPH ZD\
er amplitude of a sinusoid, no correction did previously for a sinusoidal signal.
Power (rms voltage) averaging: for the signal was needed. But noise is
Power distribution: 000dB GLVSOD\HG G% WRR ORZ VR DQ LQSXW
G% QRLVH SRZHU-€m@E ZLQRKYH VLIQDO PXVW EH G% DERYH WKH
Total correction: -050d8 DQDO\]HUjV GLVSOD\HG QRLVH pRRU WR EH

8. 7KH ; 6HULHVY DQDO\]HUV VSHFLI\ QRLVH SRZHU ED®GZLCMK DFFXUDF\ WR ZLWK

9. For example, the X-Series analyzers compute the mean over half a divisi, regardless of the number of display points.

10. Most modern spectrum analyzers make this calculation even easier witthe channel power function. You enter the integration bandwidth of the
channel and center the signal on the analyzer display. The channel power fiction then calculates the total signal power in the channel.
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Chapter 6. Dynamic Range

Dynamic range is generally thought of
as the ability of an analyzer to mea-
sure harmonically related signals and
the interaction of two or more signals,
for example, to measure second- or
third-harmonic distortion or third-order
intermodulation. In dealing with such
measurements, remember that the
input mixer of a spectrum analyzer is a
nonlinear device, so it always gener-
ates distortion of its own. The mixer is
nonlinear for a reason. It must be non-
linear to translate an input signal to the
desired IF. But the unwanted distortion
products generated in the mixer fall at
the same frequencies as the distortion
products we wish to measure on the
input signal.

of the largest to the smallest signals
simultaneously present at the input of
the spectrum analyzer that allows

measurement of the smaller signal to a

given degree of uncertainty.

Notice that accuracy of the

We can expand this expression into a
power series:

i=lgkv+kv +kv +.)

HWF

/HWjV QRZ DSSO\ WZR VLJ

mixer. One will be the input signal we
wish to analyze; the other, the local
oscillator signal necessary to create
the IF:

V=V, sin( ) +V; sin( 4t)

If we go through the mathematics, we
arrive at the desired mixing product

equals the'lF:
k2VLOV1 cos[(LO — 1)f]

Ak V, M cos[( ,,+ ptltermisalso
generated, but in our discussion of the

tuning equation, we found that we want

6R ZH PLJKW GHoQH G\QDPUF B¥o fAr\WE WKH FRUUHF

this way: it is the ratio, expressed in dB,

that for every 1 dB we drop the level of

the fundamental at the input mixer, the

internally generated second harmonic

GURSV E\ G% 6HH )LIXUH 7
VHFRQG WHUP LiQeRIFX GHV
harmonic, and the cube of the input-

signal voltage, V; . So a 1-dB change

in the fundamental at the input mixer

?@Qy@tr\ﬁ/iﬂtewq{lwenerated third
DUPRQLF E\ G%

Distortion is often described by its
order. The order can be determined by
QRWLQJ WKH FRHIOFLHQW DVVR
the signal frequency or the exponent
associated with the signal amplitude.
Thus second-harmonic distortion

is second order and third harmonic
Q}‘?tqrgorp @ F_pir%gpsrﬁl'\he order also
indicates the change in internally gen-
erated distortion relative to the change
in the fundamental tone that created it.

Now let us add a second input signal:

v =VLO sin(LO t) + V1 sin( 1t) + V2 sin( 2t)

WKH /2 WR EH DERYH WKH_,) VR

PHDVXUHPHQW LV spbuw RISHRIEY SVYSE Ko

In the following examples, you will see
how both internally generated noise
and distortion affect accuracy.

Dynamic range versus
internal distortion

To determine dynamic range versus

GLVWRUWLRQ ZH PXVW oUYW GHWHUPL

how our input mixer behaves. Most
analyzers, particularly those using
harmonic mixing to extend their tuning
rangel, use diode mixers. (Other types
of mixers would behave similarly.) The
current through an ideal diode can be
expressed as:

P = IK
i = 14(eav/kT-1)

where | = the diode’s saturation current
q = electron charge (1.60 x 161° C)
v = instantaneous voltage
k = Boltzmann’s constant
[ joule/K)
T=temperature in Kelvin

1. 6HH &KDSWHU

This time, when we go through the
math

'LWK D FRQVWDQW /2 OHYW8 ARERLRWHYQDOON JHQHUDW

output is linearly related to the input
signal level. For all practical purposes,

this is true as long as the input signal is

G% EHORYLOMABRN-Ro@! - 2l

PRUH WKDQ WR

in addition to harmonic distortion, we
get:

RI WKH /2 7KHUH DUH-D o (¥8I¥LPYPAg2 cesiR o 2 2 - 1t etc.

ing harmonics of the input signal:

) H MXVW
(3k3/4)VLOV12 sin(LO — 2 1),
(k4/8)VLOV13 sin( LO — 3 1)t, etc.

These terms tell us that dynamic range
due to internal distortion is a function of
the input signal level at the input mixer.

JHWjV VHH KRZ WKLV ZRUNV S¥RG5FN 1 galigabove

These equations represent intermodu-

lation distortion, the interaction of the

two input signals with each other. The

ORZHU GLVWRUWLERQfaBURGXFW
below 1 by a frequency equal to the

difference between the two fundamen-

tal tones, - ;. The higher distortion

by the

GHOQLWLRQ RI G\QDPLF U D &YRf fgakency: SeaFigue &4

in dB between the fundamental tone and
the internally generated distortion.

Once again, dynamic range is a func-

7KH DUJXPHQW RI WKH v LEHOLs Iy pf taq rpyfymixer. The

termincludes 2 4, so it represents the
second harmonic of the input signal.
The level of this second harmonic is a
function of the square of the voltage of
the fundamental, V, . This fact tells us

K(IWHQGLQJ WKH JUHTXHQF\ 5DQJH y
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internally generated distortion changes

asthe productofV; andV LQ WKH oUVW
case, of y and V inthe second. If \

and V have the same amplitude, the

usual case when testing for distortion,



we can treat their products as cubed

terms (V; orV ). Thus, for every dB Boas DdBI IDdB
that we simultaneously change the
level of the two input signals, there is a 2DdB D dB
G% FKDQJH LQ WKH GLVWRUWLR|Q FRESR D4 DdB
nents, as shown in Figure 6-1.
This is the same degree of change that
we see for third harmonic distortion
in Figure 6-1. And in fact, this too, is w w W Wy =W, W, W, AW,
third-order distortion. In this case, we
can determine the degree of distortion Figure 6-1. Changing the level of fundamental tones at the mixer
E\ VXPPLQJ WKH FRHINMFLHQWYV RI
HJ,-1 \LHOGV sgzond-harmonic example, then, when tion. However, from a mathematical
the exponents of \; and V . the level at the mixer changes from —-40  standpoint, TOl is a perfectly good data
to —50 dBm, the internal distortion, and point because we know the slope of
All this says that dynamic range thus our measurement range, changes the line. So even with TOI as a starting
depends upon the signal level at the IURP g WR q G%F ,Q |D pant, wel€ah\étil determine the degree
mixer. How do we know what level we points fall on a line with a slope of 1 of internally generated distortion at a
need at the mixer for a particular mea- that describes the dynamic range for given mixer level.
surement? Most analyzer data sheets any input level at the mixer.
include graphs to tell us how dynamic We can calculate TOI from data sheet
range varies. However, if no graph is We can construct a similar line for information. Because third-order
pro\/ided, we can draw our own. third-order distortion. For example, G\ Q DPLF UD Q JH FKD Q JHV G% |
a data sheet might say third-order 1 dB change in the level of the fun-
We do need a starting point, and this distortion is —85 dBc for a level of damental tone(s) at the mixer, we get
we must get from the data sheet. q G%P DW WKLV PL[HU $JPLQ\ WKBEWUD/FWLQJ KDOI RI WI

/HWjV ORRN DW VHFRQG R QUGStRULNG pojmiy & d we (wRud plot dynamic range in dBc from the level of
oUVW /HWjV DVVXPH WKH WBWDRKWW KWREQ LQ )L JHefdndamenthl(EH
VHFRQG KDUPRQLF GLVWRWWArepghe Igvel aigthe mixer to —40

down for a signal —40 dBm at the mixer. ~ dBm, what happens? Referring again TOI=A,qg 9 G

Because distortion is a relative mea- to Figure 6-1, we see that both third-

surement, and, at least for the moment,  harmonic distortion and third-order in- where A, = level of the fundamental
we are calling our dynamic range the WHUPRGXODWLRQ GLVWRUWLR@BMWOO E\ G% IRU
difference in dB between fundamental every 1 dB that the fundamental tone d = difference in dBc (a negative
tone or tones and the internally gener or tones fall. Again, it is the difference value) between fundamental and
ated distortion, we have our starting that is important. If the level at the distortion

point. Internally generated second-or- PL[HU FKDQJHV IURP q WR g G%P

GHU GLVWRUWLRQ LV G %hedliference\pgtween frndagnental Using the values from the previous

PHDVXUH GLVWRUWLRQ G rangor tongg@nd iqternally generated discussion:
plot that point on a graph whose axes GLVWRUWLRQ FKDQJHV E\ G% 6R WKH LQ

are labeled distortion (dBc) versus level  ternal distortion is -105 dBc. Thesetwo 72, q G%P q q G%F G%P
at the mixer (level at the input connec- SRLQWYV IDOO RQ D OLQH ZLWK D VORSH RI

tor minus the input-attenuator setting). giving us the third-order performance Attenuator test

6HH )LIJXUH :KDW KD S sfiar@wy levelatihg mixer. , N .
level at the mixer drops to —50 dBm? pnderstandmg the distortion graph s
As noted in Figure 6-1, for every 1 dB Sometimes third-order performance important, but we can use a simple test
change in the level of the fundamental is given as TOI (third-order inter- o determine whether d|sp.layed cﬁstorc
DW WKH PL[HU WKHUH LV DepicTusiskie @ixer level at which tion components are true input signals
the internally generated second har- the internally generated third-order or |qternally generated S|gn§Is. Change
monic. But for measurement purposes,  distortion would be equal to the the input attenuator. If the displayed
we are interested only in the relative fundamental(s), or 0 dBc. This situation value. of the distortion components
change, that is, in what happened cannot be realized in practice because ~ rémains the same, the components are
to our measurement range. In this the mixer would be well into satura- part of the input signal. If the displayed

case, for every 1 dB the fundamental . . § .

. For more information on how to construct a dynamic range chart, ee Optimizing Dynamic
changes at the mixer, our measurement Range for Distortion Measurements —Keysight PSA Performance Spectrum Analyzer Series
range also changes by 1 dB. In our ProductNote OLWHUDWXUH QXPEHU (1
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value changes, the distortion com
ponents are generated internally or
are the sum of external and internally
generated signals. We continue chang
ing the attenuator until the displayed
distortion does not change and then
complete the measurement.

Noise

Another constraint on dynamic range

LV WKH QRLVH pRRU RI RX
DQDO\]HU *RLQJ EDFN WR
dynamic range as the ratio of the larg-

est to the smallest signal we can mea-
sure, the average noise of our spectrum
analyzer puts the limit on the smaller
signal. So dynamic range versus noise
becomes signal-to-noise ratio in which

the signal is the fundamental whose
distortion we wish to measure.

We can easily plot noise on our dy-
namic range chart. For example, sup-
pose the data sheet for our spectrum

DQDO\]HU VSHFLoHV D GLV

noise level of —110 dBm in a 10-kHz
resolution bandwidth. If our signal
fundamental has a level of —40 dBm at

WKH PL[HU LW LV G% DERYH WKH DYHUDJH

QRLVH VR ZH KDYH D G
noise ratio. For every 1 dB we reduce

the signal level at the mixer, we lose 1

dB of signal-to-noise ratio. Our noise
curve is a straight line having a slope of

g DV VKRZQ LQ )LJIJXUH

If we ignore measurement accuracy
considerations for a moment, the
best dynamic range will occur at the
intersection of the appropriate distor
tion curve and the noise curve. Figure

WHOOV XV WKDW RXU P
range for second-order distortion is

G% IRU WKLUG RUGHU

dB. In practice, the intersection of the
noise and distortion graphs is not a
VKDUSO\ GHoQHG SRLQW
adds to the CW-like distortion prod-
XFWV UHGXFLQJ G\QDPLF
when you use the log power scale with
log scale averaging.

J)LIXUH VKRZV WKH G\QDPLF UDQJH

for one resolution bandwidth. We

YLIXUH
/ Dynamic range
Of = = = = = = = == - —TO+ - - —S-;'i' versus distortion
/ 4 and noise
-10 r) %
7 |
20/
—30/
|
—40 1
1
% —50 I
2 |
O,
U VSHEg |
RXU G 1
-70 .
Maximum 2nd ordler
dynamic range
—80 Maximum 3rd ordér
dynamic range |
_90 y g :
-100 ; ; ; ; \ ; ; :
-60 -50 -8 30 -20 -D O +10
Mixer level (dBm)
YLIXUH
Reducing resolu
_____________ -3 tion bandwidth
7/ improves dy
namic range
- _'_ ‘2nd order .
— =' = dynamic range improvement
- _‘_ “3rd order .
—90. _\— - — dynamic range improvement
60 -50 —40 -30 -20 -100  +10
Mixer level (dBm)
D[LPXP G\QDPLF
certainly can improve dynamic range 7KH oQDO IDFWRU LQ G\QDPLF U
b?ﬁayr(\ﬁ(/ﬁd-][iw FeBdRition bandwidth, = phase noise on our spectrum analyzer
but there is not a one-to-one corre- /2 DQG WKLV DIITHFWV RQO\ WKL

spondence between the lowered noise  distortion measurements. For example,
BREDXYHGQRW kYHL P S UR Y H P sufposelv@ aBe\reRifylaRwo-tone,
range. For second-order distortion, the  third-order distortion measurement
anPo@ewln'énﬁsoneCMPfthechangem RQ DQ DPSOLOHU DQG RXU WHYV
WKH QRLVH pRRU IRU WK kép&atedby HOUHG T MeihRd-brder
tion, two-thirds the change in the noise  distortion components will also be

pRRU 6HH ) LIXUH separated from the test tones by 10
kHz. For this measurement, we might
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0QG RXUVHOYHV XVLQJ D
EDQGZLGWK S5HIHUULQJ W
allowing for a 10-dB decrease in the
QRLVH FXUYH ZH ZRXOG o
dynamic range of about 88 dB. Sup-
pose however, that our phase noise at
a 10-kHz offset is only —80 dBc. Then
80 dB becomes the ultimate limit of
dynamic range for this measurement,
as shown in Figure 6-4.

In summary, the dynamic range of a
spectrum analyzer is limited by three
factors: the distortion performance of

the input mixer, the broadband noise
pRRU VHQVLWLYLW\ RI W
phase noise of the local oscillator.

Dynamic range versus
measurement uncertainty

In our previous discussion of amplitude
accuracy, we included only those items
listed in Table 4-1, plus mismatch. We
did not cover the possibility of an inter-
nally generated distortion product (a
sinusoid) being at the same frequency
as an external signal we wished to
measure. However, internally generated
distortion components fall at exactly
the same frequencies as the distortion

N+] UHVROXWLRQ

R )LJ
~101
QG D

—20

-100

UH DQG

PD[LPXP

. Phase noise
(10 kHz offset)

reduction d
| to phase noise ~

-110

—60

30 20 o1 +10

Mixer level (dBm)

50 40

components we wish to measure on
external signals. The problem is that
we have no way of knowing the phase

Figure 6-4. Phase noise can limit third-order intermodulation tests

relationship between the external and
internal signals. So we can determine
only a potential range of uncertainty:
8QFHUWDLQW\ LQ G%)
where d = difference in dB between

the larger and smaller sinusoid
(a negative number)

See Figure 6-5. For example, if we set
up conditions such that the internally
generated distortion is equal in ampli-
tude to the distortion on the incoming

Maximm

| error (dB)

Delta (dBc

signal, the error in the measurement
could range from +6 dB (the two

Figure 6-5. Uncertainty versus difference in amplitude between two siusoids at the

VLIQDOV H[DFWO\ LQ SKDVH*"#%E"Y QoQLw\

(the two signals exactly out of phase
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and so canceling). Such uncertainty
is unacceptable in most cases. If we
put a limit of £1 dB on the measure- 0-
ment uncertainty, Figure 6-5 shows us
that the internally generated distortion
product must be about 18 dB below the
distortion product we wish to measure.
To draw dynamic range curves for —20-
second- and third-order measurements
with no more than 1 dB of measure-

-10-

—~30-
ment error, we must then offset the

FXUYHV RI )LIXUH E\ G% DV

in Figure 6-6. —40-

Next, let’s look at uncertainty due to _50-

low signal-to-noise ratio. The distortion g

components we wish to measure are, o

we hope, low-level signals, and often —60

they are at—or very close to—the noise

level of our spectrum analyzer. In such 70, N N /
FDVHV ZH RIWHQ XVH WKH YLGHR oOWHU" /

to make these low-level signals more @ /

GLVFHUQLEOH )LJIXUH vk R wiBLu U

in displayed signal level as a function of

displayed signal-to-noise for a typical —90-

spectrum analyzer. The error is only in

one direction, so we could correct for ~100 . . . . N . .

it. However, we usually do not. So for’ 60 -50 -40 -30 @ -0 0 +10
our dynamic range measurement, let’s Mixer level (dBm)

DFFHSW D G% HUURU GXH WR QRLVH DQG

offset the noise curve in our dynamic

range chart by 5 dB, as shown in Figure )LJXUH '\QDPLF UDQJH IRU G% PD[LPXP HUURU

6-6. Where the distortion and noise
curves intersect, the maximum error
SRVVLEOH ZRXOG EH OHVV WKD7Q G %

/HWjV VHH ZKDW KDSSHQHG
namic range as a result of our concern
with measurement error. As Figure
6-6 shows, second-order-distortion
G\QDPLF UDQJH FKDQJHV |UR
61 dB, a change of 11.5 dB. This is one
half the total offsets for the two curves
(18 dB for distortion; 5 dB for noise).
Third-order distortion changes from
G% WR DERXW G% |

of about 9 dB. In this case, the change
is one third of the 18-dB offset for the \
distortion curve plus two thirds of the 1 \\
5-dB offset for the noise curve. \
0 S —

0 1 2 3 4 5 6 7 €

Displayed S/N (dB)

| level (&B)
e

o1

signa
N
]
>

py]
(i
Errqein displayed
w
/

/

JLIXUH (UURU LQ GLVSOD\HG VLJQDO DPSOLWXGH GXH WR QRLVH
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Gain compression

In our discussion of dynamic range, we
did not concern ourselves with how
accurately the larger tone is displayed,
even on a relative basis. As we raise
the level of a sinusoidal input signal,
eventually the level at the input mixer
becomes so high that the desired out
put mixing product no longer changes
linearly with respect to the input signal.
The mixer is in saturation, and the dis-
played signal amplitude is too low. Satu
ration is gradual rather than sudden. To
help us stay away from the saturation
condition, the 1-dB compression point

compression occurs at a mixer level in
the range of -5 to +5 dBm. Thus we can
determine what input attenuator setting
to use for accurate measurement of
high-level signals . Spectrum analyzers
with a digital IF will indicate that ADC is
over-ranged.

Actually, there are three different
methods of evaluating compres-
sion. A traditional method, called CW
compression, measures the change

A third method, called pulse compres
sion, measures the change in system
gain to a narrow (broadband) RF pulse
while the power of the pulse is swept
upward. When measuring pulses,

we often use a resolution bandwidth
much narrower than the bandwidth of
the pulse, so our analyzer displays the
signal level well below the peak pulse
power. As a result, we could be un-
aware of the fact that the total signal
power is above the mixer compression
threshold. A high threshold improves
signal-to-noise ratio for high-power,
ultranarrow or widely-chirped pulses.

analyzers with analog IF circuitry.

JRU H[DPSOH (6% / 6HULHV VSH|
analyzers use an 85-dB log ampli-

oHU 7KXV RQO\ PHDVXUHPHQW
within 85 dB below the reference level

are calibrated.

The question is, can the full display

range be used? From the previous

discussion of dynamic range, we know

the answer is generally yes. In fact,

dynamic range often exceeds display

UDQJH RU ORJ DPSOLOHU UDQJF
the smaller signals into the calibrated

area of the display, we must increase

7KH WKUHVKROG LV DER XMW gain.®@t inksb ddird,live may move

LV QRUPDOON VSHFLOHG 7\l k) R ibndthhpleskiBir R the

Keysight X-Series signal analyzers.
Nevertheless, because different com
pression mechanisms affect CW, two-
tone and pulse compression differently,
any of the compression thresholds can
be lower than any other.

Display range and
measurement range

Two additional ranges are often
confused with dynamic range: display

LQ JDLQ RI'D GHYLFH DP3QdeRiMndilirdnehttihge. Display

or system) as the input signal power
is swept upward. This method is the
one just described. Note that the CW
compression point is considerably
higher than the levels for the funda
mentals indicated previously for even
moderate dynamic range. So we were
correct in not concerning ourselves
with the possibility of compression of
the larger signal(s).

A second method, called two-tone
compression, measures the change
in system gain for a small signal while
the power of a larger signal is swept
upward. Two-tone compression ap
plies to the measurement of multiple
CW signals, such as sidebands and
independent signals. The threshold of
compression of this method is usually
a few dB lower than that of the CW
method. This is the method used by
Keysight Technologies to specify spec-
trum analyzer gain compression.

range, often called display dynamic
range, refers to the calibrated ampli-
tude range of the spectrum analyzer
display. For example, a display with ten
divisions would seem to have a 100-dB
display range when we select 10 dB
per division. This is certainly true for te
day’s analyzers with digital IF circuitry,
such as the Keysight X-Series. It is also
true for the Keysight ESA-E Series ana-
lyzers when you use the narrow (10- to

the larger signals off the top of the
display, above the reference level.
Some Keysight analyzers, such as the
X-Series, allow measurements of sig-
nals above the reference level without
affecting the accuracy with which the
smaller signals are displayed, as shown
in Figure 6-8 (see page 61). So we can
indeed take advantage of the full dy-
namic range of an analyzer even when
the dynamic range exceeds the display
range. In Figure 6-8, even though the
UHIHUHQFH OHYHO KDV FKDQJH
dBm to —50 dBm, driving the signal far
above the top of the screen, the marker
readout remains unchanged.

Measurement range is the ratio of the

largest to the smallest signal that can

be measured under any circumstances.

The maximum safe input level, typi

FDOO\ G%P ZDWW -1IRU PRVW
ers, determines the upper limit. These

analyzers have input attenuators you can

VHW WR RU G% VR \RX FDQ U

+] GLJLWDO UHVROXWLRQGEPOMIN®YWYWR OHYHOV ZHO

However, spectrum analyzers with ana-
log IF sections typically are calibrated
RQO\ IRU WKH oUVW RU
reference level. In this case, the bottom
line of the graticule represents
signal amplitudes of zero, so the bot-
tom portion of the display covers the
UDQJH IURP ¢ RU ¢
relative to the reference level.

G %

7KH UDQJH RI WKH ORJ DP&E®PoVLIGDQ ZKLOH D

be another limitation for spectrum

compression point of the input mixer and

measure them accurately. The displayed

avefadé neist @relsef thélother end of

the range. Depending on the minimum

resolution bandwidth of the particular

analyzer and whether or not you are us

LQJ D SUHDPSOLoHU '$1/ W\SLFD
WRRPQOQMMR\q G%P OHDVXUHPH
UDQJH WKHQ FDQ YDU\ IURP \
G% 21 FRXUVH ZH FDQQRW YLHZ
G%P VLJ
also present at the input.

Many analyzers internally control the combined settings of the input atenuator and IF gain so that a CW signal as high as the compression level at
WKH LQSXW PL[HU FUHDWHY D GHpHFWLRQ DEHRNW XWKHNMR S \O X H URR PWRHNILDD W._IQFFXROHI) HARKW WP HD V X |

inadvertently.
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Adjacent channel power
measurements

TOlI, SOI, 1-dB gain compression,
DQG '$1/ DUH DOO FODVVLF PHDVXUHYV
of spectrum analyzer performance.
However, with the tremendous growth
of digital communication systems,
other measures of dynamic range
have become increasingly important.
For example, adjacent channel power
(ACP) measurements are often done in
CDMA-based communication systems
to determine how much signal energy
leaks or “spills over” into adjacent or
alternate channels located above and
below a carrier. An example ACP mea-
surement is shown in Figure 6-9.

Note the relative amplitude difference
between the carrier power and the ad-
jacent and alternate channels. You can
measure up to six channels on either
side of the carrier at a time.

Typically, we are most interested in the
relative difference between the signal
power in the main channel and the sig-
nal power in the adjacent or alternate
channel. Depending on the particu-
lar communication standard, these
measurements are often described as
“adjacent channel power ratio” (ACPR)
or “adjacent channel leakage ratio”
$&/5 WHVWV %HFDXVH GLJLWDOO\ PRGX
lated signals and the distortion they Figure 6-8. Display range and measurement range on the PXA spectrum analgr
generate are very noise-like in nature,
WKH LQGXVWU\ VWDQGDUGY W\SLFDOO\ GHoQH
a channel bandwidth over which the
signal power is integrated.

To accurately measure ACP perfor-

mance of a device under test such as a

SRZHU DPSOLoHU WKH VSHFWUXP DQDO\]HU
must have better ACP performance

than the device being tested. There-

fore, spectrum analyzer ACPR dynamic

range has become a key performance

measure for digital communication

systems.

Figure 6-9. Adjacent channel power measurement using a PXA spectrum atyzer
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&KDSWHU ([ WHQGLQJ WKH J)UHTXHQF\ 5DQJH

As more wireless services continue to be But let us take one step at a time. In de ,Q VXPPDU\ IRU WKH ORZ EDQG

introduced and deployed, the available
spectrum has become more and more
crowded. As a result, there has been an
ongoing trend toward developing new
products and services at higher frequen
cies. In addition, new microwave tech
nologies continue to evolve, driving the
need for more measurement capability in
the microwave bands. Spectrum analyzer
designers have responded by developing
instruments capable of directly tuning

up to 50 GHz using a coaxial input. Even
higher frequencies can be measured
using external mixing techniques. This
chapter describes the techniques used to
enable tuning the spectrum analyzer to
such high frequencies.

Internal harmonic mixing

veloping our tuning equation in Chapter *+] RXU oUVW ) LV *+] )RU Wi

ZH IRXQG WKDW ZH QHHAHE TWKID D\REZD®IBWY ZH VZLWFK W
0OWHU VKRZQ LQ )LIJXUH RWR SWHYH®WLJIXUH WKH VHF
higher-frequency signals from reach ,) LV DOUHDG\ 0+] VR DOO ZzZi
ing the mixer. The result was a uniquely  to do when we want to tune to the higher
responding, single-band analyzer that UDQJHV LV E\SDVV WKH oUVW )
WXQHG WR *+] 7R REVHUYH DQG PHD
sure higher-frequency signals, we must ,Q &KDSWHU ZH XVHG D PDWK
UHPRYH WKH ORZ SDVV oOapptdhch to conclude that we needed a

ORZ SDVV oOWHU 7KH PDWK EHI

Other factors that we explored in de complex in the situation here, so we will
veloping the tuning equation were the use a graphical approach to see what is
FKRLFH RI /2 DQG LQW H U P Rappeikig HM Heldwbrd @B the simpler
cies. We decided that the IF should not case, so we'll start with that. In all of our
be within the band of interest because JUDSKV ZH ZLOO SORW WKH /2 1|

it created a hole in our tuning range along the horizontal axis and signal fre-

in which we could not make measure quency along the vertical axis, as shown

ments. So we chose 5.1 GHz, movingthe LQ )LJXUH ‘H NQRZ ZH JHW D
IF above the highest tuning frequency product equal to the IF (and therefore

RI LQWHUHVW *+] 2 XU aQdsponaexoq thQdisplay) whenever

,Q &KDSWHU  ZH GHVFULghhe /4 VL@ EH DERYH *WIK i/ R QWK WHWIPAQDO GLIITHUV IUR

range spectrum analyzer that tunes to

logical to move the new IF to a frequency the IF. Therefore, we can determine

*+] 1RZ ZH ZDQW WR WEXQBRAIKHY] ¢ W\SLFDO o thyMéquentRid vikiehHheé dnalyzer

in frequency. The most practical way
to achieve an extended range is to use
harmonic mixing.

higher frequency ranges in Keysight is tuned simply by adding the IF to, or
VSHFWUXP DQDO\]JHUV LV VXEWUDHWLQJ LW IURP WKH /2
will use this frequency in our examples. determine our tuning range, we start by

High
bf!l%d path 3.8t08.7 GH

N

Preselector

Analog or
5.1225 GHz 322.5 MHz 22.5 MHzdigital IF

Toexternal
mixer

4.8 GHz 300 MHz

322.5 MHz

Sweep generator -
Display

JLIXUH 6ZLWFKLQJ DUUDQJHPHQW IRU ORZ EDQG DQG KLJK EDQGV
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SORWWLQJ WKH /2 TUHTXH

signal frequency axis, as shown by the <

GDVKHG OLQH LQ )LJIJXUH @xg.W

the IF from the dashed line gives us a :,>‘/ -

WXQLQJ UDQJH RI WR *+15 Wl F" UD Qa4 i

ZH GHYHORSHG LQ &KDSWHUs 1RWH WKbDw *F _=-= LO frequency,
WKLV OLQH LQ )LIXUH Lv gD;HOHGk¥yA,—‘!’ ~ T GHz
to indicate fundamental mixing and E - - _IE -1
the use of the minus sign in the tuning -(%’ ~ v/ — ]+
equation. We can use the graph to de- 1 . : . . .
WHUPLQH ZKDW /2 IUHTXHQF\ LV UbFxTOHG

to receive a particular signal or to -3

what signal the analyzer is tuned for a 3 4 5 6 7 8 9
JLYHQ /2 IUHTXHQF\ 7R GLVSOD\ D *+] LOfrequency (GHz)

VLIQDO WKH /2 PXVW EH WXQHG WR

*+]
spectrum analyzer is tuned to receive a
VLIQDO IUHTXHQF\ RI
ZH URXQG RII WKH oUVW
SODFH WKH WUXH )

on the block diagram.

*

Now let’s add the other fundamental-
PL[LQJ EDQG E\ DGGLQJ W
OLQH LQ )LIXUH 7KLV J
upper line, labeled 1+, that indicates
D WXQLQJ UDQJH IURP

1RWH WKDW IRU D JLYHQ /

two frequencies to which the analyzer

is tuned are separated by twice the IF.
$VVXPLQJ ZH KDYH D ORZ
the input while measuring signals in the
low band, we will not be bothered by
signals in the 1+ frequency range.

Next let's see to what extent harmonic
mixing complicates the situation. Har-
monic mixing comes about because the
/2 SURYLGHYV D KLJK OHYH
WKH PL[HU IRU HIoOFLHQW
cause the mixer is a non-linear device,

JRU DQ /2 ITUHTXHQF\ RLixHH]

QFV DJDLQVW WKH

WK BILQJ FXUYHV IRU IXQGDPHQWDO RL[LQJ LQ WKH ORZ EDQG &

+] ,Q RXU WH[W
WR_RQH GHFLPDO
4] VKRZQ
20
~
KH5,) WR WKH /2
LYH15 ]
(8]
c
W RS
(o
2 @197
IS
c
(*)]
n 5
SDVV
0
-5
LO frequency (GHz)

Wét@mmﬂs\z(j—%%}ﬂde k PLQXVy IUHTXEQFXRM/QU H \SIRRBMAH LWL QUICH
PLILQ) DOG EH

LW JHQHUDWHYV KDUPRQLFMRIEWER &2V HlFHPE k b U P Rptr&alp dmplichtawtie measurement

'QFRPLQJ VLJIQDOV FDQ PLEPYDLREW (% )LIxuH

harmonics just as well as the funda-

mental, and any mixing product that

equals the IF produces a response on

the display. In other words, our tuning

(mixing) equation now becomes:

fsig = Nf/ 2% fie

ZKHUH Q /2 KDUPRQLF
(Other parameters remain the
same as previously discussed.)

D @pd&eds HiHotkié Rvat dis Dsignals in the
extent this complicates our measure- ¥ WXQLQJ UDQJH SURGXFH XQL
PHQW SURFHGXUH $V EHIRhblguodsHespdnsés o8 QuRaNalyzer
WKH /2 TUHTXHQF\ DIJDLQVWLWRBDALJXMHOVDPH ORZ SDVV o
IUHTXHQF\ D[LV 0XOW-L S Oinltlg Junifatnidnta? mixing case works
qguency by two yields the upper dashed  equally well for eliminating responses
OLQH RI )LIJXUH $V-ZH GreaiediR the hdgha@n2 mixing case.
mental mixing, we simply subtract the
) *+] IURP DQG DGG L WheRgiRawéiKisicdrsiderably differ
second-harmonic curve to produce the ent for the high-band, low-IF case. As

¥ DQG WXQLQJ UDQJHV BEH.IQRFIHH QAHH WKWHIUI W E\ SORW WL
RI WKHVH RYHUODS WKH CGldriventdirgaint the Xighal§rdquency
range, we can again argue thatthey do  axis and then add and subtract the IF,
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producing the results shown in Figure
1RWH WKDW WKH ¥ DQ|G MXQLQJ
ranges are much closer together, and
in fact overlap, because the IF is a
PXFK ORZHU IUHTXHQF\
this case. Does the close spacing of the
tuning ranges complicate the mea-
surement process? Yes and no. First
of all, our system can be calibrated for
only one tuning range at a time. In this P :
FDVH ZH ZRXOG FKRRVH WKH ¥ WXQLQJ WR
give us a low-end frequency of about
*+] VR ZH KDYH VRPH RYHUODS P
ZLWK WKH *+] XSSHU HQG RPRXU 4 °5 5.6 6 7 s 9
low-band tuning range. So what are LO frequency (GHz)
we likely to see on the display? If we
HQWHU WKH JUDSK DW DQ /2 ITUHTXHQF\ RI
*+] ZH 0QG WKHUH DUH WPRUE RV VERIRY FXUYHV IRU IXQGDPHQWD)OFPMHQJI LQ WKH KLIK EDQG

signal frequencies that would give us

—
—_—T

= = O Frequency

responses at the same point on the DWHG RQ WKH ¥ WXQLQJ Fxdisplayedsignz thatagpears to be at
GLVSOD\ DQG **1 URYE Qs Yitbited and those pre “+]
numbers again). On the other hand, if duced on the 1+ tuning curve. However,
we enter the signal frequency axis at EHIRUH ZH ORRN DW VLJQ Dlbedispeged/signplpareptrapy the
*+] ZH 0QG WKDW LQ D Gitiofs-EQad¥ RarMfdfitlmixing UHVSRQVHV WR WKH  DQG ¥ W
UHVSRQVH DW DQ /2 IUHEXHQRV RIR *+] DQG V H BUIVESWR knowhn asintpand multiple

*+] ZH FRXOG DOVR JHW Dy ¥ ddibNaPRcidré he must consider  responses. Because they occur when
7KLV ZRXOG RFFEXU LI ZH DQPRLH G Wb &2 L G HQ WL o F BWKIHRIZ ¢ Y RW K Q ¥ G) WiR *+] DQ
to sweep as high as 5.6 GHz, twice the X UH VKRZV WXQLQJ FXU @Hatheswiymodygerplse responses

IF above 5 GHz. Also, if we entered IRXUWK KDUPR QLF RI WKH ¢rthe display that appear to be genu-
WKH VLIQDO IUHTXHQF\ JUDSK DW +] ine signals at 8.96 GHz and 8.56 GHz.
ZH ZRXOG 0QG D UHVSRQ¥HPYP PR Gy )LIXUH ZH 0QG VRPH

frequency of about 4.4 GHz (twice the  5qitional complications. The spee Other situations can create out-of-

) EHORZ ~*+] LQ DGGLWLRQ WA Bet db to operate in band multiple responses. For example,
UHVSRQVH DW DQ /2 TUHTXHQEWRAg baritid. Depending on suppose we are looking at a 5-GHz

Thus, for every desired response on the i frequency to which the analyzer is VLIJQDO LQ EDQG WKDW KDV D
¥ WXQLQJ OLQH WKHUH Z{,Q0Q yeRnkyXHifR4y) & frequency WKLUG KDUPRQLF DW  *+] EDQC
response located twice the IFbelowit.  ppoLEUDWHG IRU D VS H F Lasifitiop tithe erprated multiple pair

These pairs of responses are known as YRU H[DPSOH LQ WKH warsed by the p-GHz signal on the

Image responses. input frequency range, the spectrum DQRG ¥ WXQLQJ FXUYHV ZH D!
DQDO\]HU LV FDOLEUDW H Gesmousewgeperaiediyxtios |19 GHz

With this type of mixing arrangement, FXUYH 6XSSRVH ZH KDYH BQIQDORQ WKH ¥ DQG ¥

it is possible for signals at different VLIQDO SUHVHQW DW W K HCU'@®sS Ringe thage\ggoanges occur

frequencies to produce responses at sweeps, the signal will produce IF re- ZKHQ WKH /2 LV WXQHG WR

the same point on the display, that is, VSRQVHV ZLWK WKH . andip @ GHzyespexidyely, the display

DW WKH VDPH 72 TUHTXH Q Ry cliVed Hhd ddted response of the  Will show signals that appear to be

VHH ITURP )LIJXUH LRSXW M QPOY PW vyH RFEXUV 2RIEO WG DAV DQG

DQG *+] ERWK SURGXFH B HHMSRRMDWLVoHY WKH7WXG LY JVIEKRZRWLER QLI X UH
DW WKH ,) ZKHQ WKH /2 IUHTXHQF\ LV VHW

to 5 GHz. These signals are known as * 4] 5l Multiple responses generally always

image frequencies, and they are also f,,=6.95GHz come in pairsl, with a “plus” mixing

separated by twice the IF frequency. Similarly, we can calculate that the product and a “minus” mixing product.
UHVSRQVH IURP WKH g W Xhenve usxtbeycarrgekharmonic

Clearly, we need some mechanism to curs when f, ,= 6.65 GHz, resulting in mixing number for a given tuning band,

differentiate between responses gener WKH UHVSRQVHV ZLOO EH VHSD

1. Often referred to as an “image pair.” This is inaccurate termmiology, since images are actually two or more real signals pres# atthe spectrum ana-
O\]HU LQSXW WKDW SURGXFH DQ ,) UHV SRK}V B XOPVE MKWH IRDP\HR X2 INORRHQE\PD\ GLIIHU
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25.00 3+
Apparent location of an input signal 3.
resulting from the response to the Band 4
~ 2- tuning curve
T 20.00
o 2+
2 Band 3
=}
o
g
= Band 2
g 1+
2
n 1-
! Band 1
|
|
Apparent lotatigns of in-band S Band 0
0.00 multiples ofia 13.6 GHz input signal | | (lowband)
" T T T I T I T T T T 1
3 4 443463 5 6 6.65 6.9)57 8 9
LO frequency (GHz)
JLIXUH 7XQLQJ FXUYHV XS WR WK KDUPRQLFVSIRIQWHKRIIRQD LQ EBRGQBXIWNLISIRHD O
25.00
Band 4
 20.00 Out-of-band
% multiple response
g 15.00 Band 3
Q
>
g
= Band 2
= 10.00
c
2
(%) Band 1
5.00-
1
[ : : ! Band 0
o P | (lowband)
0.00 T l L T T ! T L 53 T T T T T T 1
3 738, 4951 6 7 8 9
LO frequency (GHz)
YLIXUH 2XW Rl EDQG PXOWLSOH UHVSRQVHVED®GDQG DV D UHVXOW RI D VLIQDO LQ

times f,- Because the slope of each pair
of tuning curves increases linearly with
the harmonic number N, the multiple
pairs caused by any other harmonic
mixing number appear to be separated

by:

I (NG/N )

where N, = the correct harmonic num-
ber for the desired tuning band
N, = the actual harmonic num-
ber generating the multiple pair
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25.0d
N Band 4
5 20.00 2- LO Doubled
= 2+
>
(8]
5 2-
g 15.00 1+ LO Doubled! Band 3
© 1- LO Doubled Band 2
5 10.00 1+
2 —
1-
Band 1
5.00
)
0.00 (lowband)
3 4 6 7 8 9
LO frequency (GHz)
YLIXUH : BHULHV DQDO\]HU KDUPRQLF EDQGV XVLQJ /2 GRXEOLQJ

,Q ; BHULHV DQDO\]JHUV WHROHur&ely,\thaBeRaEn@y@essen-
WR SURGXFH D QHZ KL JK Hibllyl &litdiTaxeHn@ge ahd multiple re-

WKH GDVKHG OLQHY DUH UHMHEF
continue with our previous example of

IRU KDUPRQLF PL[LQJ $V D WH\RMOWHWWKURXIK D SURFHVY RE SUHD»OWHUQDOV SUHVHC(

harmonics are twice as far apart as they
would otherwise be and likelihood of mu

WLSOH UHVSRQVHV LV VLIQLoFDQWO\ UHGXFHG
DQG )LIXYdkelection

&RPSDUH )LIJXUH

Can we conclude from this discussion
that a harmonic mixing spectrum ana-
lyzer is not practical? Not necessarily.
In cases where the signal frequency

is known, we can tune to the signal
directly, knowing that the analyzer will
select the appropriate mixing mode

for which it is calibrated. In controlled
environments with only one or two sig-
nals, it is usually easy to distinguish the
real signal from the image and multiple
responses. However, there are many
cases in which we have no idea how
many signals are involved or what their
frequencies might be. For example,

we could be searching for unknown
spurious signals, conducting site sur-
veillance tests as part of a frequency-
monitoring program or performing

EMI tests to measure unwanted device
emissions. In all these cases, we could
be looking for totally unknown signals
in a potentially crowded spectral envi-
ronment. Having to perform some form

RI LGHQWLOoFDWLRQ UR X Wi P2 fed-timanglyeee Batis,

every response would make measure-
ment time intolerably long.

ing the signal. This technique is called
preselection.

the analyzer input. If we set a center
IUHTXHQF\ RI  *+] DQG D VSDQ
GHz, let’s see what happens as the
analyzer tunes across this range. As the
/2 VZHHSV SDVW *+] WKH IUF
What form must our preselection take? DW ZKLFK LW FRXOG PL[ ZLWK W
SHIHUULQJ EDFN WR )LIXU st sighRaY ontE H mixing mode),

*
ZH KDYH WZR VLJQDOV DW iy p%&@ctor isttided to 4.1 GHz
present at the input of our analyzer. If DQG WKHUHIRUH UHMHFWYV WKH
we were particularly interested in one, signal. The input signal does not reach
ZH FRXOG XVH D EDQG SD ViNe pRH kblhoWhing &R Zand
that signal into the analyzer and reject no response appears on the display.
WKH RWKHU +RZHYHU WKH QIR 9OWHYHGRNVYspvw 4] W
not eliminate multiple responses; so if SUHVHOHFWRU DOORZV WKH
the spectrum is crowded, there is still to reach the mixer. and we see the
potential for confusion. More important, appropriate response on the display.
SHUKDSV LV WKH UHVWULRWHRQ W«K]DWQJCP-I[N/@JCI?DO LV UH]
WHU SXWV RQ WKH pH[LELQYWeRds Wk @RI U
If we are doing broadband testing, we interact with the mixing product from
certainly do not want to be continually WK H *+] VLJQDO DQG FDXVH I
IRUFHG WR FKDQJH EDQGSRYY 98MHYVGDOO\ DV WKH /2 V.

5.6 GHz, the preselector allows the
7KH VROXWLRQ LV D WXQDEOH+PQWj—bLbO WR UHDFK WKH P/
FRQOJXUHG VXFK WKDW LV%eQ@%Wﬁ@pQrWdiéﬁQﬁ@Note in
tracks the frequency of the appropriate YLIXUH WKDW QRZKHUH GR W
PLILQJ PRGH )LJIXUH v '?Tﬁi(%ade@'\ntersect. So as long as
effect of such a preselector. Here we the preselector bandwidth is narrow
take advantage of the fact that our enough (it typically varies from about
superheterodyne spectrum analyzer 0+] DW ORZ IUHTXHQFLHV WR
at high frequencies) it will greatly

it tunes to only one frequency at attenuate all image and multiple
a time. The dashed lines in Figure responses.

UHSUHVHQW WKH EDQGZLGWK RI WKH
tracking preselector. Signals beyond The word “eliminate” may be a little
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VWURQJ 3UHVHOHFWRUV [GR QRW KDYH LQo
QLWH UHMHFWLRQ 5HMHFWLRQ LQ WKH WR
80-dB range is more likely. So if we are
looking for very low-level signals in the
presence of very high-level signals, we 6+
might see low-level images or multiples
of the high-level signals. What about PO U
the low band? Most tracking preselec- ~N 1 '
WRUV XVH <,* WHFKQRORJ\ ;@/Q%_ _____________________ _; :
do not operate well at low frequencies. 2> ' . :
Fortunately, there is a simple solution. b : : :
J)LIXUH VKRZV WKDW QR R(@VKA-H : 1 1
PRGH RYHUODSV WKH ¥ PL[L®QJ P ' . .
the low-frequency, high-IF case. So a g ' 1 1
VLPSOH ORZ SDVV 0OWHU DWBWHQXDWHV % RWK ' : :
image and multiple responses. Figure 3 iPreselector : ' '

VKRZV WKH LQSXW DUFKLWHFWXUH R| Dbandwidth ! ' '
typical microwave spectrum analyzer. ! : :

2 I .' 1 1 I
3 4 4.4 5 5.6 6
LO frequency (GHz)
YJLIXUH 3UHVHOHFWLRQ GDVKHX LG DAKOR QW WHNLUHV B Q MVEID® FW R U
Analog or
5.1225 GHz 322.5 MHz  22.5 MHzigital IF

High
bc’!l%d path 3.8t08.7GH

Toexternal
mixer

4.8 GHz 300 MHz

322.5 MHz

Preselector

Sweep generator

Display

JLIXUH JURQW HQG DUFKLWHFWXUH Pl DOB®IADO SUHVHOHFWHG VSHFWUX
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Amplitude calibration

So far, we have looked at how a
harmonic mixing spectrum analyzer
responds to various input frequencies.
What about amplitude?

The conversion loss of a mixer is a

function of harmonic number, and the

loss goes up as the harmonic num-

ber goes up. This means that signals

of equal amplitude would appear at

different levels on the display if they in-

volved different mixing modes. To pre-

serve amplitude calibration, something

must be done. In Keysight spectrum

analyzers, the IF gain is changed. The

LQFUHDVHG FRQYHUVLRQ ORVYVY DW KLJKHU /2
harmonics causes a loss of sensitivity
just as if we had increased the input at-
tenuator. And since the IF gain change
occurs after the conversion loss, the
JDLQ FKDQJH LV UHpHFWHG E\ D FRUUH
sponding change in the displayed noise

level. So we can determine analyzer

sensitivity on the harmonic-mixing

ranges by noting the average displayed

noise level just as we did on fundamen-

tal mixing.

JLIXUH 5LVH LQ QRLVH pRRU LQGLFDWHY FKDQJHV LQ VHQVLWLYLW\ ZLW

In older spectrum analyzers, the

increase in displayed average noise

level with each harmonic band was

very noticeable. More recent models

of Keysight spectrum analyzers use

a double-balanced, image-enhanced

harmonic mixer to minimize the in-

creased conversion loss when using

higher harmonics. Thus, the “stair step” YLIXUH 3KDVH QRLVH OHYHOV IRU IXQGDPHQWDO DQG WK KDUPRQLF |
HITHFW RQ '$1/ KDV EHHQ UHSODFHG E\

a gentle sloping increase with higher ental mixi hase noise (in decibels tion is very small, as in the situation
IUHTXHQFLHV DV VKRZQ L&Q‘?‘_H‘&gﬁqp ( ) y '

ases here, the amplitude of the modulation
. side bands is directly proportional to
Phase noise ORJ 1 WKH GHYLDWLRQ RI WKH FDUULFK
,Q &KDSWHU ZH QRWHG V\WMGVV\MQBBWI*FRRI W Kiétidtibn doubles, the level of the side
DQ DQDO\]HU /2 DSSHDUV DV SKDVH QRLVH bands must also double in voltage;
around signals that are displayed far JRU H[DPSOH VXSSRVH WKWKDWKH /2QXQHDVH E\ G% RU
HQRXJK DERYH WKH QRLV HIpTReRte haga pagkigpeak deviation  As a result, the ability of our analyzer
noted that this phase noise can impose of 10 Hz. The second harmonic then to measure closely spaced signals that
a limit on our ability to measure closely KDV D +] SHDN WR SHD Naf@ bnédubl W arfp@tude decreases as
spaced signals that differ in amplitude. WKH WKLUG KDUPRQLF KLIKQG KRUPRQLFV RI WKH /2 DU
The level of the phase noise indicates Since the phase noise indicates the PL[LQJ )LJIXUH VKRZV WKH Gl
the angular, or frequency, deviation of signal (noise in this case) producing in phase noise between fundamental

WKH /2 :KDW KDSSHQV WR tkeknoguiationrtpe/lgyel of the phase mixing of a 5-GHz signal and fourth-

ZKHQ D KDUPRQLF RI WKH Mnpiseynusipg ighepto produce greater KDUPRQLF PL[LQJ RI D *+] VLJIC
the mixing process? Relative to funda deviation. When the degree of modula
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Improved dynamic range

A preselector improves dynamic range

45
LI WKH VLIQDOV LQ TXHVWLRQ KPYH VXIoFLHQW

frequency separation. The discussion of
dynamic range in Chapter 6 assumed
that both the large and small signals
were always present at the mixer and
their amplitudes did not change dur-
ing the course of the measurement.
But as we have seen, if signals are far
enough apart, a preselector allows one
to reach the mixer while rejecting the
others. For example, if we were to test
a microwave oscillator for harmonics,
a preselector would reject the funda-
mental when we tuned the analyzer to
one of the harmonics.

/HWjV ORRN DW WKH G\QD
VHFRQG KDUPRQLF WHVW
lator. Using the example from Chapter

6, suppose that a —40-dBm signal at

the mixer produces a second harmonic
SURGXFW RI q G%WF :H D
from our discussion, that for every 1 dB
the level of the fundamental changes

at the mixer, measurement range also
changes by 1 dB. The second-harmonic
distortion curve is shown in Figure

Internal distortion (dBc)

60 50 -40 -30
Mixed level (dBm)

dLJXUH
VR NQRZ

6HFRQG RUGHU GLVWRUWLRQ JUDSK

KDUPRQLF HQG RQO\ E\ WWRQUYRUYBWRRHK 0JXUH ZH PLJK

(sensitivity) of the analyzer.

JRU WKLV H[DPSOH ZH DVVXPH

plenty of power from the oscillator and
set the input attenuator so that when
we measure the oscillator fundamental,
the level at the mixer is =10 dBm, below
the 1-dB compression point.

From the graph, we see that a —10-dBm
signal at the mixer produces a second-
harmonic distortion component of

—45 dBc. Now we tune the analyzer

to the 6-GHz second harmonic. If the
SUHVHOHFWRU KDV G%
fundamental at the mixer has dropped
WR q G%P )LJXUH

for a signal of —80 dBm at the mixer,
the internally generated distortion is
—115 dBc, meaning 115 dB below the
new fundamental level of —80 dBm.
This puts the absolute level of the
harmonic at —195 dBm. So the differ-
ence between the fundamental we
tuned to and the internally generated
second harmonic we tuned to is 185
G% &OHDUDO\
namic range is limited on the low-level

LQ

What about the upper, high-level

end? When measuring the oscillator
fundamental, we must limit power at
the mixer to get an accurate reading of
the level. We can use either internal or
external attenuation to limit the level of
the fundamental at the mixer to some-
thing less than the 1-dB compression
point. However, the preselector highly
attenuates the fundamental when we
are tuned to the second harmonic, so
WeélddriH énvdreR @ne WtKrdation if
we need better sensitivity to measure
@k Rdridiicy AWirdandéntal level of

dB per octave of bandwidth roll-off of

D W\SLFDO <,* SUHVHOHFWRU o
WKH G% SRLQW 6R WR GHWHU
improvement in dynamic range, we

must determine to what extent each of

the fundamental tones is attenuated

and how that affects internally gener-

ated distortion. From the expressions in

Chapter 6 for third-order intermodula-

tion, we have:

(Ky/8)V V1 V cos[ ,,q = It
and

(ky/8)V MV cos[ ,, q - It

G%P DW WKH SUHVHOHFWRYLWIRRYWNKHVH H[SUHVVLRC

not affect our ability to measure the
harmonic.

Any improvement in dynamic range for
third-order intermodulation measure-
ments depends upon separation of the
test tones versus preselector band
width. As we noted, typical preselector

IRU KDUPRQE P GG&XYMWRNKVLR @ ERX W

end and 80 MHz at the high end. As a
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that the amplitude of the lower distor-

WLRQ FRPSR®Q H)QaMes as

the square of V; and linearly with V .

On the other side, the amplitude of

WKH XSSHU GLVWRUWLRQ FRPS!
— ) varies linearly with \, and as the

square of V. However, depending on

the signal frequencies and separation,

o9 PESRleqiqE maygtAattenuate the

two fundamental tones equally.



Consider the situation shown in Figure

LQ ZKLFK ZH DUH WXQH
distortion component, and the two
fundamental tones are separated by
half the preselector bandwidth. In this
case, the lower-frequency test tone
lies at the edge of the preselector pass
EDQG DQG LV DWWHQXDWHG G
test tone lies above the lower distortion
component by an amount equal to the
full preselector bandwidth. It is attenu-
DWHG DSSUR[LPDWHO\ G
tuned to the lower distortion compo-
nent, internally generated distortion
at this frequency drops by a factor of
two relative to the attenuation of V;
WLPHVY G% G% DQG HDXDUO\ DVPPURYWG WKLUG RUGHU LIQUWH WRRGX DD S\DLIRIMWE RQWLRU WLLIRXQ 0
as the attenuation of V G% 7 K HPreselector bandwidth
improvement in dynamic range is the

G WR WKH ORZHU

preselector with that of the input mixer

VXP RI G % G% RU G&h céﬁjge L Qeg\%ﬂ(aﬁon of frequency
case of second harmonic distortion, the response. You must use proper calibra-
QRLVH pRRU RI WKH D QD O }KicHgiéedMo EdihdeRRe for this
sidered, too. For very closely spaced ripple. Another approach to minimize
test tones, the preselector provides this interaction would be to insert a the analyzer. Another source of post-

no improvement, and we determine PDWFKLQJ SDG 0[HG DW Widrhy @ik e sBlkheating caused

dynamic range as if the preselector was  jsqator between the preselector and E\ FXUUHQW pRZLQJ LQ WKH SU
not there. mixer. In this case, sensitivity would be  circuitry. The center of the preselector

degraded by the full value of the pad or  pass band will depend on its tempera-

isolator. ture and temperature gradients, which

depend on the history of the preselee
é%@@sbe&ﬁﬂ'éﬁaWﬂeBanHitectures

tor tuning. As a result, you obtain the
eliminate the need for the match- EHVW pDWQHVYVY E\ FHHQWHULQJ
ing pad or isolator. As the electrical

lector at each signal. The centering
preselected range. For example, if length between the preselector and function is typically built into the spec-
we measure the second harmonic of mixer increases, the rate of change of WUXP DQDO\]HU ocUPZDUH DQG L
D *+] IXQGDPHQWDO ZH dJHWH Wi HykKH UHpHFWH G é@x@chylatrobtiqnel Kay iH @anual
EHQHoW RI WKH SUHVHOH Eié{ﬁﬁs%egdﬂéﬂngrg'rapid for a given  measurement applications or program
tune to the 5-GHz harmonic. change in input frequency. The result

matically in automated test systems.
is a more exaggerated ripple effect on When activated, the centering function
pDWQHVYV $UFKLWHFW XU HWjustXthprbséledtdt Rinirtd DAC to
used in PSA Series analyzers include center the preselector pass band on
the mixer diodes as an integral part of the signal. The frequency response
the preselector/mixer assembly. Insuch  VSHFLoOoFDWLRQ IRU PRVW PLFUI
an assembly, there is minimal electri- analyzers applies only after centering
cal length between the preselector and  the preselector, and it is generally a
mixer. This architecture thus removes best practice to perform this function
the ripple effect on frequency response  (to mitigate the effects of post-tuning
and improves sensitivity by eliminating drift) before making amplitude mea-
the matching pad or isolator. surements of microwave signals.

FRQOJXUDWLRQV WKH WXQLQJ
preselector and local oscillator come

from the same source, but there is no

feedback mechanism to ensure the

preselector exactly tracks the tuning of

The discussion of dynamic range in
Chapter 6 applies to the low-pass-
OOWHUHG ORZ EDQG 7KH
occur when a particular harmonic

of a low-band signal falls within the

Pluses and minuses
of preselection

We have seen the pluses of preselec-
tion: simpler analyzer operation, un-
cluttered displays, improved dynamic
range and wide spans. But there are
also some disadvantages relative to an
unpreselected analyzer.

First of all, the preselector has inser-
tion loss, typically 6 to 8 dB. This loss Even aside from its interaction with

FRPHV SULRU WR WKH oUVy| rM)éé(r,Da‘]plr"esBIéctbPéagses some found that analyzers such as the PXA

so system sensitivity is degraded by degradation of frequency response. use FFTs when the narrower resohu

the full loss. In addition, when a prese- 7 .y SUHVHOHFWRU 00 W H Uios BaNdWicEB Qéselevted. Because
lector is connected directly to a mixer,

In our discussion of sweep time, we

the interaction of the mismatch of the

QHYHU SHUIHFWO\ pDW EXWK K D2VIK\HV VHHISISEHIGNIVQ G o[HG IR

a certain amount of ripple. In most
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VWHSSHG DQG o[HG DV ZHOMK H LRRKH WK K D U ZR @KF WIKdthéZxternal mixer, which uses the

preselector takes several milliseconds to

tune and stabilize, sweep time may be
negatively impacted relative to similar
settings in the low band. The X-Series

signal analyzers allow you to select the
width of each step to minimize the num
ber of steps. (For details, see the operat
ing manual for your particular analyzer.)

If your analyzer has Option MPB, you

may bypass the preselector to eliminate

its impact on sweep time. However, be

sure your signal is such that no images or

multiples can cause confusion.

External harmonic mixing

We have discussed tuning to h

frequencies within the signal analyzer.

igher

For internal harmonic mixing, the X-

Series signal analyzers use the second
KDUPRQLF WIR WXQH WR

GRXEOHG WR WXQH WR higher harmBnithity ki with the high-

what if you want to test outside the frequency signals. The external mixer’s
upper frequency range of the signal IF output connects to the analyzer’s IF
analyzer? Some analyzers provide the  “in” port. The latest analyzers have only

ability to use an external mixer to make one front-panel port, and this is possible

high-frequency measurements, where EHFDXVH WKH /2 IUHTXHQF\ VXS

the external mixer becomes the front WKH DQDO\]HU LV EHWZHHQ

end of the analyzer, bypassing the input  while the IF output frequency from the

DG

DWWHQXDWRU WKH SUHVHOWRWRDCRIGIAMK W R UWRKMH DQDO

mixers. The external mixer uses higher  MHz. Because of the wide frequency

KDUPRQLFV RI WKH DQDO\EHU M WDRWQYFMH/EHWZHHQ WKH /2 D(

DQG LQ VRPH FDVHV- WK Hnal§ boith signal&)ddn exist on the same
quency is doubled before being sentto  coaxial interconnect cable that attaches
the external mixer. Higher fundamental  the analyzer and the mixer. As long as
/2 TUHTXHQFLHYV DOORZ |Rthe &Rihél hixerusdd the same IF as
conversion loss. Typically, a spectrum the spectrum analyzer, the signal can be
analyzer that supports external mixing processed and displayed internally, just
has one or two additional connectors like any signal that came from the inter-
on the front panel. Early analyzers had QDO oUVW PL[HU )LJXUH
WZR FRQQHFWRUV $0Q /2 IbRek\dagranRdl an et& ixalrikst used
WKIHPERED O\JHUjV L QW H U Q lm@onjuhdtioh wizh ¥ speQrrdanalyzer.

External mixer

Waveguid
input 3"®

IF ou

IFin

Low

band pat
P \ 3.6

Analyz
input

High
band patT’\

Preselector

GHz

Analog or
2.5 MHz digital IF

5.1225 GHz 322.5 MHA

Toexternal
mixer

4.8 GHz 300 MHz

322.5 MHz \ 4

A\ 4

Sweep generator

Display

JLIXUH 6SHFWUXP DQDO\]HU DQG H[WHUQDO PL[HU EORFN GLDJUDP
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7TDEOH +DUPRQLF PL[LQJ PRGHV XVHG E\ DOHRIL[MWWQDO\]HUV ZLWK H[WHUQ

Band Keysight 11970 Series Keysight M1970 Series Other Manufacturer’'s  Other Manufacturer’s
Mixers Mixers mixers mixers
(LOrange 3-7 GHz)  (LO range 6-14 GHz) (LO range 3-7 GHz)  (LO range 6-14 GHz)

A (26.5to 40.0 GHz) ¥ DQG ¥

Q (33.0t0 50.0 GHz) ¥ DQG ¥

U (40.0 to 60.0 GHz) ¥

V (50.0 to 75.0 GHz) ¥ DQG ¥ ¥

E (60.0 to 90.0 GHz) N.A. ¥ DQG ¥

W (75.0 to 110.0 GHz) ¥ ¥

F (90.0 to 140.0 GHz)

D (110.0 to 170.0 GHz)

G (140.0 to 220.0 GHz)

Y (170.0 to 260.0 GHz )

J (220.0 to 325.0 GHz)

(325.0 to 500.0 GHz)

(500.0 to 750.0 GHz)

(750.0 to 1,100.0 GHz) ¥

KK |[K|K|K|[]|K

7TDEOH VKRZV WKH KD U exealmikets/ftagnbother manufactur-  produces mixing products that can be
modes used by the X-Series analyzers ers require a bias current to set the mix  processed through the IF just like any

at various millimeter-wave bands for er diodes to the proper operating point.  other valid signals.

ERWK WKH .H\VLJKW 0 @ heWXLSenesalBzans Kah provide

HDUOLHU 6HULHV H[WuptbQ DOOnA af DCLEMrentRitbugh $ WXQDEOH oOWHU WKBW SHUIRU
ease of use and low conversion loss, the front-panel external mixer port to WLRQ RI WKH VLIQDOV UHDFKLQJ
WKH 0 6HULHV PL[HUV prowl¥ this blaPargiteep the measure- mixer in the internal signal path is com

connection that is used to automatically ment setup as simple as possible. mon in most signal analyzers. External

identify the mixer model number and mixers that are unpreselected will

VHULDO QXPEHU SHUIRUPRNZEQer ZoDperidiknvheymonic mixing  produce unwanted responses on screen

ment to optimize performance, and with an internal or an external mixer, that are not true signals. A way to deal

download the mixer conversion loss WKH LVVXHV DUH VLPLO D WithZhéese urgvadi@dSignals\has been

table into the analyzer memory. You harmonics mix not only with the desired designed into the signal analyzer. This

also can use external mixers from other RF input signal, but also with any other IXQFWLRQ LV FDOOHG kVLJQDO L«
manufactures if you know the mixer’s signal, including out-of-band signals,

conversion loss with frequency. Some that may be present at the input. This
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6LJQDO

LGHQWLOFDWLRQ

It is quite possible that the particular
response we have tuned onto the dis-

SOD\ KDV
monic or mixing

EHHQ JHQHUDWHG RQ DQ /2 KDU
mode other than the

one for which the display is calibrated.

So our analyzer

must have some way

to tell us whether or not the display is
calibrated for the signal response in
question. For this example, assume we

DUH XVLQ
*+] XQS

J D .H\WWLJKW 0 9 WR
UHVHOHFWHG PL[HU ZKLFK

XVHV WKH ¥ PL[LQJ PRGH 7KH IX0OO
V-Band measurement can be seen in

YLIXUH

Keysight X-Series signal analyzers offer
WZR GLIITHUHQW LGHQWLOFDWLRQ PHWKRGV
LPDJH VKLIW DQG LPDJH VXSSUHVV /HWjV

oUVW HI[S

ORUH WKH LPDJH VKLIW PHWKRG

/RRNLQJ DW )LJIXUH OHWjV DVVXPH ZH
have tuned the analyzer to a frequency ~ )LJXUH "KLFK RQHV DUH WKH UHDO VLJQDOV"

RI 4]

7KH WK KDUPRQLF RI

WKH /2 SURGXFHYV D SDLU RUl—W‘kV—ﬁﬂ:QWV *+] ZKLFK LV
ZKHUH WKH ¥ PL[LQJ SUR @mwek Y bBISw&tit Peldl Yesponse. The
on screen at the correct frequency of X-Series analyzer has an IF frequency
KLOH WKH PL[LRN SURGHFWR WKH SDLU RI UHVSRQVHV
produces a response with an indicated is separated by 645 MHz.

*+] Z

[EnN
N

Harmonic mixing tuning lines

8+

,/’//g

Signal frequency, GHz
[
o

20

8 10.36 10.47 12
LO frequency, GHz

14

YLIXUH

+DUPRQLF WXQLQJ OLQHWVVIXY WXHWKSHHOLHV6BI@QDRAY PL[HUV
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/HWjV DVVXPH ZH KDYH VRPH LGHD RI WKH
characteristics of our signal, but we do

not know its exact frequency. How do

we determine which is the real signal?

7KH LPDJH VKLIW SURFHVV UHWXQHV WKH /2
fundamental frequency by an amount

HT X D O,/W.Rhislcauses the Nth

KDUPRQLF WRVKLIW E\ |

If we are tuned to a real signal, its cor-

responding pair will now appear at the

same position on screen that the real

VLIQDO RFFXSLHG LQ WKH oUVW VZHHS I
we are tuned to another multiple pair

created by some other incorrect har-

monic, the signal will appear to shift in

frequency on the display. The X-Series

VLIQDO DQDO\]HU VKEIWY WKH /2 RQ DOWHU
nate sweeps, creating the two displays

VKRZ LQ )LIXUHV D DQG E ,Q

J)LIXUH D WKH UHHPO VLIQDO WKH

mixing product) is tuned to the center

RI WKH VEUHHQ )LIXUH JEXHRrz? kRZ1QWHUHG \HOORZ WUDFH
the image shift function moves the cor-

responding pair (the 6+ mixing product)

to the center of the screen.

J)LIXUHV D DQG E-GLVSOD\ DOWHU
nate sweeps taken with the image shift
function.

JLIXUH E FHQWHUHG EOXH WUDFH
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/HWjV H[DPLQH WKH VHFRQG PHWKRG RI
VLIQDO LGHQWLOFDWLRQ LPDJH VXSSUHV
sion. In this mode, two sweeps are

taken using the minimum hold function,

which saves the smaller value of each

display point, or bucket, from the two

VZHHSY 7KH oUVW VZHHS LV GRQH XVLQJ
QRUPDO /2 WXQLQJ YDOXHV 7KH VHFRQG
VZHHS RIIVHWY WKH /2 IXQGDPHQWDO IUH
TXHQF\ EX I$V ZH VDZ LQ WKH oUVW

signal ID method, the image product

generated by the correct harmonic will

land at the same point on the display

DV WKH UHDO VLJQDO GLG RQ WKH oUVW VZHHS
Therefore, the trace retains a high am-

plitude value. Any false response that

shifts in frequency will have its trace

data replaced by a lower value. Thus,

all image and incorrect multiple re-

sponses will appear as noise, as shown

LQ )LIXUH

IRWH WKDW ERWK VLJQDO)lLJéE'IbWLgllgl-bWEhkaXSSUHVV IXQFWLRQ GLVSOD\V RQO\ UHDO VLJQDO
methods are used for identifying cor-

rect frequencies only. You should not

attempt to make amplitude measure-

PHQWYV ZKLOH WKH VLJQDO LGHQWLOFDWLRQ

function is turned on. Once we have

LGHQWLOHG WKH UHDO VLJQDO RI LQWHUHVW ZH

turn off the signal ID function and zoom

in on it by reducing the span. We can

then measure the signal’s amplitude

DQG IUHTXHQF\ 6HH )LIXUH

To make an accurate amplitude

measurement, it is important that you

oUVW HQWHU WKH FDOLEUDWLRQ GDWD IRU \RXU
external mixer. This data is normally

supplied by the mixer manufacturer,

and it is typically presented as a table

of mixer conversion loss, in dB, at a

number of frequency points across

the band. This data is entered into a

correction table on the signal analyzer,

and the analyzer uses this data to

compensate for the mixer conversion

ORVV ,I \RX DUH XVLQJ wRrRH "
harmonic mixers, the mixer conversion

loss is automatically transferred from

the mixer memory to the X-Series sig-

nal analyzer memory, which eliminates
PDQXDO HQWU\ LOQWR D FRUUHFWLRQ o0OH 7KH
spectrum analyzer reference level is

now calibrated for signals at the input

to the external mixer.

GQURWHPHQW RI' D SRVLWLYHO\ LGHQWLOHG VLJQDO
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Chapter 8. Modern Signal Analyzers

In the previous chapters of this ap-
plication note, we have looked at the
fundamental architecture of spectrum
analyzers and basic considerations for
making frequency-domain measure
ments. On a practical level, modern
spectrum or signal analyzers must also
handle many other tasks to help you
meet your measurement requirements.
These tasks include:

$SSOLFDWLRQ VS H FpoweFof the signal exceeds the aver-

measurements

In addition to measuring general signal
characteristics like frequency and
amplitude, you often need to make
VSHFLoF PHDVXUHPHQWYV
parameters. Examples include chan-

nel power measurements and adjacent
channel power (ACP) measurements,
which we described in Chapter 6. Many

- 3URYLGLQJ DSSOLFDW Lsgahaslyzersgipw have these built-in

measurements, such as adjacent
FKDQQHO SRZHU $&3
and phase noise

— Providing digital modulation

functions available. You simply specify
theahgnreldandwidth and spacing,
then press a button to activate the
automatic measurement.

DQDO\WVLY PHDVXUHPHQWY GHOQHG E\

industry or regulatory standards,
VXFK DV /7( *60 PGPD
RBlletooth®
— Performing vector signal analysis
— Saving, printing or transferring
data
— Offering remote control and opera
WLRQ RYHU *3,%
— Allowing you to update instrument

The complementary cumulative distri-
bution function (CCDF), which shows
power statistics, is another measure
ment capability increasingly found in
modern signal analyzers, as you can
see in Figure 8-1. CCDF measurements
provide statistical information showing

/$1 R Uhe\prreent@fiinkelthe isiantaneous

oUPZDUH WR DGG QHZ IHDWXUHYVY DQG

capabilities, as well as to repair
defects

— Making provisions for self-calibra
tion, troubleshooting, diagnostics
and repair

— Recognizing and operating with

RSWLRQDO KDUGZDUH RU oUPZDUH WR

add new capabilities
— Allowing you to make measure-

PHQWYV LQ WKH oHOG ZLWK D UXJJHG

battery-powered handheld spec
trum analyzer that correlate with
data taken with high-performance
bench-top equipment

Figure 8-1. CCDF measurement
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age power by a certain number of dB.

This information is important in power
DPSOLoHU GHVLJQ IRU H[DPSOl
is important to handle instantaneous

signal peaks with minimum distor-

Rohn WhildMhRnizRg Ydst @dBt and

power consumption of the device.

Other examples of built-in measure-

ment functions include occupied band-

width, TOI, harmonic distortion, ACP

and spurious emissions measurements.

The instrument settings — such as

center frequency, span and resolution

bandwidth — for these measurements

GHSHQG RQ WKH VSHFLoF UDGL
to which the device is being tested.

Most modern signal analyzers have

these instrument settings stored in

memory so you can select the desired
UDGLR VWDQGDUG /7( 065
FGPD : &'0% D EJQ
ac and so on) to make the measure-

ments properly.

*60



RF designers are often concerned with

WKH QRLVH 0JXUH RI WKHLU GHYLFHV DV
QRLVH 0JXUH GLUHFWO\ DITHFWV WKH VHQVL
tivity of receivers and other systems.

Some signal analyzers, such as the

; 6HULHV KDYH RSWLRQDO QRLVH 0JXUH
measurement capabilities available.

This option provides control for the

noise source needed to drive the input

of the device under test (DUT) as well

DV oUPZDUH WR DXWRPDWH WKH PHDVXUH
ment process and display the results.

Y)LIXUH VKRZV D WASLFDO PHDVXUH
PHQW UHVXOW ZLWK '87 QRLVH 0JXUH
(upper trace) and gain (lower trace)

displayed as a function of frequency.

The need for phase
information

Phase noise is a common measure

of oscillator performance. In digitally
modulated communication systems,
phase noise can negatively impact bit
error rates. Phase noise can also de-
grade the ability of Doppler radar sys-
tems to capture the return pulses from
targets. The X-Series signal analyzers
offer optional phase noise measure
ment capabilities. These options pro-
YLGH oUPZDUH WR FRQWURO WKH PHDVXUH
ment and display the phase noise as a

function of frequency offset from the

FDUULHU DV VKRZQ LQ )LJXUH

J)LIXUH 1RLVH 0JXUH PHDVXUHPHQW

JLIXUH 3KDVH QRLVH PHDVXUHPHQW

7



As communications have become more
complex, phase has been introduced
to speed the transmission of data. An
example of a simple model is QPSK
(quadra-phase-shift keying) in which
two data values are transmitted at
once. See Figure 8-4.

In this case, the data are plotted on an
IQ diagram in which the in-phase data
are plotted on the | (horizontal) axis
and the quadrature data are plotted
on the Q (vertical) axis. The combined
values represent the phase and mag-
nitude of the transmitted signal. As
seen here, equal values for both I and Q
should have produced only dots at 45,
DQG GHJUHHV +RZHYHU
our analysis shows that neither the

amplitude nor the phase is consistent Figure 8-4. Modulation analysis of a QPSK signal measured with Keysight89600 VSA software

as the signal changes quadrants. On
the other hand, it is quite unlikely that
the receiver would be confused as to
which quadrant a particular data point
belongs, so the transmission would be
received without error.

A newer and much more comph

FDWHG V\VWHP LV DF ZKLFK XVHV
430 TXDGUDWXUH DRSOLWXGH PRGX

lation). See Figure 8-5. The maximum

power is limited, so the data points are

much closer in both phase and magni-

tude than for QPSK. The analyzer you

use to evaluate the transmitted signal

PXVW EH VXIoFLHQWO\ DFFXUDWH WKDW LW

does not lead you to a false conclusion

about the quality of the transmission.

Pure amplitude measurements are also

required to determine signal attributes

VXFK DV pDWQHVV DGMDF)‘T‘.Q(WHFKDOQQ)HOQDWLRQ DQDO\VLV RI :/$1 W

power levels and distortion.
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Digital modulation analysis

The common wireless communication
systems used throughout the world
today all have prescribed measurement

WHFKQLTXHV GHoQHG-E\ VWDQGDUGV GH

velopment organizations and govern
mental regulatory bodies. Optional
measurement personalities are avail-
able on the X-Series signal analyzers

WR SHUIRUP WKH NH\ WHVWYV GHoQHG IRU

a particular wireless communication
format. For example, if we need to test
a transmitter to the Bluetooth wire-
less communication standard, we must
measure parameters such as:

— Average/peak output power
Modulation characteristics

Initial carrier frequency tolerance
— Carrier frequency drift

Monitor band/channel
Modulation overview

— Output spectrum

- G% EDQGZLGWK
Adjacent channel power

These measurements are available on
the Keysight X-Series signal analyzers
with appropriate options.

Other optional measurement capabili-
ties for a wide variety of wireless com-
munications standards that are avail-

able on the X-Series signal analyzers:

I7(17( $GYDQFHG
- /%1

Multi-standard radio (MSR)
GSM/EDGE

— W-CDMA

HSDPA

FGPD

1XEV-DO

1XEV-DV

cdmaOne

NADC and PDC
TD-SCDMA

Figure 8-6 illustrates an error vector
magnitude (EVM) measurement per-

YLIXUH

Not all digital communication systems

(90 PHDVXUHPHQW RI /7( )" GRZQOLQN VLJQDO

DUH EDVHG RQ ZHOO GHo¢ More information

try standards. If you are working on
nonstandard proprietary systems or

the early stages of proposed industry-
standard formats, you need more
PH[LELOLW\ WR DQDO\]H Y
signals under varying conditions. You
FDQ DFKLHYH WKDW pH[LE
First, modulation analysis personalities
are available on the X-Series signal an-
alyzers. Alternatively, you can perform
more extensive analysis with software
running on an external computer. For
example, you can use Keysight 89600
VSA software with X-Series signal
DQDO\]HUV WR SURYLGH p
signal analysis. In this case, the signal
analyzer acts as an RF downconverter
and digitizer. The software can run
internally on the signal analyzer or
communicate with the analyzer over

D *3,% RU /$1 FRQQHFWLR
transferred to the computer, where

it performs the vector signal analy-

sis. Measurement settings, such as

PRGXODWLRQ W\SH V\PERO UDWH

IRUPHG RQ D /7( )" GRZQ Otigyéting bddQde&¥d length, can be

This test helps you diagnose modula-

varied as necessary for the particular

WLRQ RU DPSOLOFDWLRQ GigidoR Br¥eh&yQiNg. W K D W

lead to bit errors in the receiver.
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Additional information is
available on the following:

1RLVH 0JXUH PHDVXUHPHQWYV

Keysight Noise Figure Measurements of
Frequency Converting Devices Using the
Keysight NFA Series Noise Figure Ana-
lyzer¥ $SSOLFDWLRQ 1RWH
number 5989-0400EN.

Measurements involving phase,
see Vector Signal Analysis Basics
Application Note, literature num-
EHU (1

Bluetoottmeasurements, see
Performing Bluetooth RF Measurements
Today- Application Note, literature
QXPEHU (

oOWHULQJ

OLW



Real-time spectrum analysis

For the capable RF engineer, continuous-
wave (CW) and predictably-repeating
signals are no great challenge — but
today’s complex and agile signals and
multi-signal environments are proving

to be another matter. To keep up with
evolving analysis needs, new types of
signal analyzers and application soft
ware have emerged in recent years. The
Keysight PXA and MXA signal analyzers
now offer a combination of swept spee
trum, real-time and vector signal analysis
capability — all in one instrument.

Design and troubleshooting tasks are

PXFK PRUH GLIoOFXOW ZKHQ GHDOLQJ ZLWK

agile signals, and the challenges are

RIWHQ PDGH PRUH GLIOFXQWxZKHQ WKHMMQ \RX XVH IDVW VZHHSV DQG PBF KR®\G RAKHHUVE ISHHW L F

signals are in an environment of other
agile signals. Even the analysis of a
single signal can be a challenge when
that signal is very agile or complex. You
can use the Keysight PXA and MXA
real-time spectrum analysis capabil-

ity to capture the behavior of dynamic
and elusive signals with true gap-free
spectrum analysis.

An example of a single complex signal
is the agile S-band acquisition radar
signal. The signal at the receiver varies
widely in amplitude over a period of
several seconds, and this long-duration
characteristic, combined with the
short-duration characteristics of

its pulse length and repetition interval
(and therefore short duty cycle) make

spectrum analyzer view of the radar signal is not very informative

LW DJLOH DQG GLIOFXOW WR PHDVXUH ZHOO $

basic spectrum analysis of this signal
with a swept spectrum analyzer shows

Figure 8-8. Real-time capture of S-band acquisition radar signal

WKH PHDVXUHPHQW GLIOFXOW\ LW SRVHV
DV LOOXVWUDWHG LQ )LJXdddHrequert ¥iéRs MW Wdicaton  More information

many sweeps and the use of
a max hold function, the signal is not
clearly represented.

The Keysight PXA real-time spectrum
analyzer screen shown in Figure 8-8,
in contrast with the swept spectrum
screen, readily shows the main charac-
teristics of the signal using the density
or histogram display. The density or
histogram display collects a large
amount of real-time spectrum data into
a single display that shows both rare

of relative frequency of occurrence. » ) )
For additional information on

measurements involving real-time

The PXA's real-time analyzer mode h
spectrum analysis, seeMeasur

and density display provide a fast and : o o

insight-producing representation of this ing Agile Signals and Dynamic Signal

wideband, dynamic and agile signal. Environments Application Note,

7KH EOXH FRORU RI D00 EXWOW WH!BRWMAY FrREGPEHU

indicates that the pulses, while promi

nent, have a very low frequency-of-

occurrence. This is the principal charae

WHULVWLF WKDW PDNHV LW GLIOFXOW WR PHDVXUH
RU HYHQ WR UDSLGO\ DQG UHOLDEO\ 0QG WKLV

signal with a swept spectrum analyzer.
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Chapter 9. Control and Data Transfer

Saving and printing data

After making a measurement, we
normally want to keep a record of the
test data. We might simply want to
make a quick printout of the instrument
display. Depending on the particular
analyzer and printer model, we might

Data transfer and remote
instrument control

A variety of commercial software
products are available to control
spectrum analyzers remotely over an

, Q H\VLIKW 7HFKQR O R/®lbbisVAlse 3/bu\an write your own

of Hewlett-Packard at that time)

software to control spectrum analyz-

LOQWURGXFHG WKH ZRU O G jefs md MuMbéBaf%ifferent ways. One

controllable spectrum analyzer, the
8568A. The GPIB interface (also known

XVH WKH 86% RU /$1 SRU%gHW-%&FE@@JQ@WadeitpOS-

the two units.

Very often, we may want to save mea-

sible to control all major functions of
the analyzer from an external computer
and transfer trace data to an external

VXUHPHQW GDWD DV D 00 |omitdd! #HikthnbGtidh Hdded the

spectrum analyzer’s internal memory or
on a USB mass-storage device. There
are several different kinds of data we
can save this way:

way for a wide variety of automated
spectrum analyzer measurements that
were faster and more repeatable than
manual measurements. By transferring
the raw data to a computer, it could be

- $Q LPDJH RI WKPrefel. VS O D\ ed on disk, analyzed, corrected and
DEO\ LQ D SRSXODU 00 Hyj&ddd Bith aVar&t§ of ways.

as bitmap, GIF, PNG or Windows
PHWDOoOOH

— 7UDFH -Cchwadlas X-Y data
pairs representing frequency and
amplitude points on the screen.
The number of data pairs can vary.
Modern spectrum analyzers such as
the X-Series allow you to select the
desired display resolution by setting
a minimum of 1 up to a maximum
of 40,001 frequency sweep points
(buckets) on the screen. This data
format is well suited for transfer to a
spreadsheet program on a com
puter.

— ,QVWU X P HOW ksep/Dradid
of the spectrum analyzer settings,
such as center frequency, span,
reference level and so on, used in
the measurement. This informa
tion is useful for documenting test
setups used for making measure
ments. Consistent test setups are
essential for maintaining repeatable
measurements over time.

Today, automated test and measure-
ment equipment has become the norm,
and nearly all modern spectrum ana-
lyzers come with a variety of standard

method is to directly send program-
ming commands to the instrument.
Older spectrum analyzers typically
used proprietary command sets, but
newer instruments, such as Keysight’s
X-Series signal analyzers, use industry-
standard SCPI (standard commands
for programmable instrumentation)
commands. A more common method
is to use standard software drivers,
such as VXlplug&play drivers, which
enable higher-level functional com
mands to the instrument without the
need for detailed knowledge of the
SCPI commands. Most recently, a new
generation of language-independent
instrument drivers, known as “inter-
changeable virtual instrument,” or
IVI-COM drivers, has become avail-

LQWHUIDFHV LQFOXGLQJ &beKdr H&Sbtiestsignal analyzers.

86 % DQG *3,%
nectivity is the most commonly used

interface, as it can provide high data-
transfer rates over long distances and
integrates easily into networked envi-

(WKHUQHWe AM-COMRIRvers are based on the

Microsoft Component Object Model
standard and work in a variety of PC
application development environments,
such as the Keysight T&M Program-

URQPHQWYV VXFK DV D IDF WdrsUrbofkiRdht) Mierd¥édttts Visual

standard interfaces used widely in the
computer industry are likely to become
available on spectrum analyzers in the
future to simplify connectivity between
instruments and computers.

Keysight's X-Series signal analyzers lit-

Studio .NET.

Some applications require you to
control the spectrum analyzer and
collect measurement data from a very
long distance. For example, you may
want to monitor satellite signals from

HUDOO\ KDYH FRPSXWHU odtendrll bortrd! woahi) dolledting data

USB ports and a Windows operating
system. These features greatly simplify
control and data transfer. In addition,
the X-Series analyzers can be operated
remotely, and the analyzer’s display ap
pears on the remote computer. Details
are beyond the scope of this applica-
tion note; see the operating manual for
your particular analyzer.
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from remote tracking stations located
hundreds or even thousands of kilome-
ters from the central site. The X-Series
signal analyzers have software options
available to control these units, capture
screen images and transfer trace data
over the Internet using a standard Web
browser.



Firmware updates

Modern spectrum analyzers have much
more software inside them than do
instruments from just a few years ago. As
new features are added to the software
and defects repaired, it becomes highly
desirable to update the spectrum ana

Calibration, troubleshooting,
diagnostics and repair
Spectrum analyzers must be periodi-

cally calibrated to insure the instru-
ment performance meets all published

VSHFLoFDWLRQV 7\SLFDO

once a year. However, between these

O\]HUjV oUPZDUH WR WDNI—anL%%ngé(M@]i%é?Sbée&mﬂﬁ

improved performance.

The latest revisions of spectrum and

analyzer must be aligned periodically to
compensate for thermal drift and aging
effects. Modern spectrum analyzers

VLIQDO DQDOVNHU oUPZD Uddchdd RebtelBsHRVE built-in align-

on the Keysight Technologies website.

ment routines that operate when the

8)E)ic%eil<ate\9 t

Summary
This application note has provided
a broad survey of basic spectrum

analyzer concepts. However, you may

wish to learn more about many other
spectrum analysis. An
excellent’p ace?t(}};tg%rﬁsqg‘visit the
Keysight Technologies Web site at
www.keysight.com and search for
signal or spectrum analyzer.

<RX FDQ GRZQORDG WKLV oV gBY%BHHRVDLY oUVW WXUQHG RQ DQG GXULQJ
00H RQ \RXU ORFDO FRPS g\t petivdeRBEPS at predeter-
PHWKRG WR WUDQVIHU QHfnhthARY thd-fidient routines

the spectrum analyzer is to copy the

also operate if the internal tempera-

OUPZDUH RQWR D 86% GU lyydlofid Astiitii@nkrfges. These

sert it into one of the spectrum analyz-
er's USB ports. Some models, such as
the X-Series, allow you to transfer the

alignment routines continuously adjust

WKH LQVWUXPHQW WR PDLQWDLQ VSHFLOHG

performance.

QHZ oUPZDUH GLUHFWO\ LOQWR WKH VSHFEWUXP

analyzer using the instrument’s Ethernet
/$1 SRUW

It is a good practice to periodically
check your spectrum analyzer model’s

Modern spectrum analyzers usually
have a service menu available. In this
area, you can perform useful diagnostic
functions, such as a test of the front-
panel keys. You also can display more

‘HE SDJH WR VHH LI XSGD%ﬁi%o‘?M&aﬁ@\Héﬁtbrﬁcess,aswell

available.

as a list of all optional hardware and
measurement personalities installed in
the instrument. When you upgrade a
spectrum analyzer with a new measure-
ment personality, Keysight provides

a unique license key tied to the serial
number of the instrument. You install
this license key through the USB port
or enter it on the front-panel keypad to
activate the measurement capabilities
of the personality.

82



Glossary of Terms

Absolute amplitude accuracy: The
uncertainty of an amplitude measure
ment in absolute terms, either volts or
power. Includes relative uncertainties
(see Relative amplitude accuracy) plus
calibrator uncertainty. For improved
accuracy, some spectrum analyzers have

Average detection: A method of detec
tion that sums power across a frequency
interval. It is often used for measuring
complex, digitally modulated signals and
other types of signals with noise-like
characteristics. Modern Keysight spee
trum analyzers typically offer three types

I[UHTXHQF\ UHVSRQVH VS H Fof averege Heltt€x oW/ povvielr (rms) aver

to the calibrator as well as relative to
the midpoint between peak-to-peak
extremes.

ACPR:Adjacent channel power ratio is
a measure of how much signal energy
from one communication channel spills
over or leaks into an adjacent channel.
This is an important metric in digital
communication components and sys
tems, as too much leakage will cause
interference on adjacent channels. Itis

aging, which measures the true average
power over a bucket interval; voltage
averaging, which measures the aver
age voltage data over a bucket interval,
and log-power (video) averaging, which
measures the logarithmic amplitude in
dB of the envelope of the signal during
the bucket interval.

Average noise level: SeeDisplayed
average noise level

VRPHWLPHY DOVR GHVFUL EBaGwiih skieétvityR W measure of

adjacent channel leakage ratio.

Amplitude accuracy: The uncertainty
of an amplitude measurement. It can be
expressed either as an absolute term or
relative to another reference point.

Amplitude reference signal: A signal of
precise frequency and amplitude that
the analyzer uses for self-calibration.

Analog display: A display technology
where analog signal information (from
the envelope detector) is written directly
to an instrument’s display, typically
implemented on a cathode ray tube
(CRT). Analog displays were once the
standard method of displaying informa
tion on spectrum analyzers. However,
modern spectrum analyzers no longer
use this technology; instead, they now
use digital displays.

an analyzer’s ability to resolve signals
unequal in amplitude. Also called shape
factor, bandwidth selectivity is the ratio
RI WKH
bandwidth for a given resolution (IF)

Deltamarker: $ PRGH LQ ZKLFK D o[HG
reference marker has been established

and a second, active marker is avail

able that we can place anywhere on the

displayed trace. A read-out indicates the

relative frequency separation and amph

tude difference between the reference

marker and the active marker.

Digital display: A display technology
where digitized trace information, stored
in memory, is displayed on an instru
ment’s screen. The displayed trace is

a series of points designed to present

a continuous-looking trace. While the
default number of display points varies
between different models, most modern
spectrum analyzers allow the user to
choose the desired resolution by con
trolling the number of points displayed.
The display is refreshed (rewritten from
GDWD LQ PHPRU\ DW D pLFNHU Il
data in memory is updated at the sweep
rate. Nearly all modern spectrum analyz

G% EDQGZLGWK WRYWKBYHS®LIJLWDO pDW SDQHO /

rather than CRT-based analog displays

0OWHU )RU VRPH DQDO\]H%thgyéﬂjbé'edil‘pe%’rlieranalyzers.

EDQGZLGWK LV XVHG LQ OLHX RI WKH

bandwidth. In either case, bandwidth

G %
Display detector mode: The man

VHOHFWLYLW\ WHOOV XV KRgZn \MER HSsigMAS iforaMbiiy

skirts are.

processed prior to being displayed on
screen. SeeNeg peak, Pos peak Normal

Blocking capacitor: $ 0 OWHU W KD Wiy Ebhgie/

unwanted low-frequency signals (in
cluding DC) from damaging circuitry.
A blocking capacitor limits the lowest
frequency that can be measured ae
curately.

CDMA:Code division multiple access

is a method of digital communication in
which multiple communication streams
are orthogonally coded, enabling them
to share a common frequency channel. It
is a popular technique used in a number
of widely used mobile communication
systems.

Constellation diagram: A display type
commonly used when analyzing digitally
modulated signals in which the detected
symbol points are plotted on an IQ
graph.
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Digital IF: An architecture found in
modern spectrum analyzers in which the
signal is digitized soon after it has been
downconverted from an RF frequency
to an intermediate frequency (IF). At
that point, all further signal processing

is done using digital signal processing
(DSP) techniques.

Display dynamic range: The maximum
dynamic range for which both the

larger and smaller signal may be viewed
simultaneously on the spectrum analyzer
display. For analyzers with a maximum
logarithmic display of 10 dB/div, the ac
tual dynamic range (seeDynamic range)
may be greater than the display dynamic
range.



'LVSOD\ VF D OHea€gre® af WM
certainty in measuring relative differene
es in amplitude on a spectrum analyzer.

Error vector magnitude (EVM): A quality
metric in digital communication systems.
EVM is the magnitude of the vector

7KH ORJDULWKPLF DQG OL @iHddddce atla Bi%eO inst&htintime be

found in analyzers with analog IF sec
tions never have perfect logarithmic or
linear responses, and therefore they
introduce uncertainty. Modern analyzers

tween the ideal reference signal and the
measured signal.

External mixer: An independent mixer,

ZLWK GLIJLWDO ,) VHFWLR QUsUHID Witth ailayeylioeHmp@ pod, \
EHWWHU GLVSOD\ VFDOH o Gsddad axteénd the frequency range of

Display range: The calibrated range
of the display for the particular display
mode and scale factor. Seed.inearand
Log display and Scale factor.

Displayed average noise level: The
noise level as seen on the analyzer’s
display after setting the video bandwidth
narrow enough to reduce the peak-to-

spectrum analyzers that use external

Frequency resolution: The ability of a
spectrum analyzer to separate closely
spaced spectral components and display
them individually. Resolution of equal
amplitude components is determined

by resolution bandwidth. The ability to
resolve unequal amplitude signals is a
function of both resolution bandwidth
and bandwidth selectivity.

Frequency response:Variation in the

PL[HUV 7KH DQDO\]HU S U Rdidplayed/ampkittie/ @ a signal as a

signal and, if needed, mixer bias. Mixing
products are returned to the analyzer’s
IF input.

FFT (fast Fourier transform):A math-
ematical operation performed on a time-
domain signal to yield the individual
spectral components that constitute the

SHDN QRLVH pXFWXDWLRQ\ighad.FK WKDW WKH

displayed noise is essentially seen as a
straight line. Usually refers to the ana
lyzer's own internally generated noise as
a measure of sensitivity and is typically

See Spectrum.

Fast sweep: A digital signal processing
technique that implements complex-

IXQFWLRQ RI lJUHTXHQF\ pDWQH)
VSHFLOHG LQ WHUPV RI e G% UH
value midway between the extremes.

$OVR PD\ EH VSHFLOHG UHODWLY
calibrator signal.

Frequency span: The frequency range
represented by the horizontal axis of
the display. Generally, frequency span
is given as the total span across the full
display. Some earlier analyzers indicate
frequency span (scan width) on a per-
division basis.

VSHFLOHG LQ G%P XQGHU FRODGXMGERIHW ROXWLRQ EDQGZLGWK oOWHULQJ IRU

minimum resolution bandwidth and
minimum input attenuation.

Drift: The very slow (relative to sweep
time) change of signal position on the

a sweeping spectrum analyzer, allowing
faster sweep rates than a traditional
analog or digital resolution bandwidth
oOWHU ZRXOG DOORZ

GLVSOD\ DV D UHVXOW R DFIEtHE3<)SHd FteQudry response

frequency versus sweep voltage. The
primary sources of drift are the tem
perature stability and aging rate of the
frequency reference in the spectrum
analyzer.

Dynamic range: The ratio, in dB, be
tween the largest and smallest signals
simultaneously present at the spectrum
analyzer input that can be measured to

a given degree of accuracy. Dynamic
range generally refers to measurement of
distortion or intermodulation products.

Envelope detector: A circuit element
whose output follows the envelope, but
not the instantaneous variation, of its
input signal. In a superheterodyne spee
trum analyzer, the input to the envelope

Frequency accuracy: The degree of
uncertainty with which the frequency

of a signal or spectral component is
indicated, either in an absolute sense or
relative to some other signal or spee
tral component. Absolute and relative

Frequency stability: A general phrase

that covers both short- and long-term

/2 LQVWDELOLW\ 7KH VZHHS UDF
WXQHYV WKH /2 DOVR GHWHUPLQF
a signal should appear on the display.

$Q\ ORQJ WHUP YDULDWLRQ LQ /.
(drift) with respect to the sweep ramp

causes a signal to slowly shift its hor

zontal position on the display. Shorter-

WHUP /2 LQVWDELOLW- FDQ DSSFH
dom FM or phase noise on an otherwise

stable signal.

IUHTXHQF\ DFFXUDFLHYV D UFIINSaH: Forod$d modern spectrum

independently.

Frequency range: The minimum to
maximum frequencies over which a
spectrum analyzer can tune. While the
maximum frequency is generally thought
of in terms of an analyzer’s coaxial input,
the range of many microwave analyzers
can be extended through use of external
waveguide mixers.

GHWHFWRU FRPHV IURP WKH oQDO ,) DQG WKH

output is a video signal. When we put
our analyzer in zero span, the envelope
detector demodulates the input signal,
and we can observe the modulating sig
nal as a function of time on the display.
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analyzers, full span means a frequency
span that covers the entire tuning range
of the analyzer. These analyzers include
single -band RF analyzers and micre
wave analyzers such as the ESA, PSA
and X- Series that use a solid-state
switch to switch between the low and
preselected ranges.

NOTE: On some earlier spectrum analyz
ers, full span referred to a sub-range.
For example, with the Keysight 8566B, a
microwave spectrum analyzer that used
a mechanical switch to switch between
the low and preselected ranges, full span
referred to either the low, non-preselect
ed range or the high, preselected range.



Gain compression: That signal level at
the input mixer of a spectrum analyzer
at which the displayed amplitude of the

Image response:A displayed signal that
is actually twice the IF away from the
frequency indicated by the spectrum

Linear display: The display mode in
ZKLFK YHUWLFDO GHpHFWLRQ RC
is directly proportional to the voltage of

VLIJQDO LV D VSHFLoHG QXHAEMHROR]IHE®Y% )WRRIDFK KD U P RiielifpuRsigiélKTHhe/tibttom line of the
low due just to mixer saturation. The sig there is an image pair, one below and graticule represents 0 V, and the top
QDO OHYHO LV JHQHUDOO\ ROQHFRLBERGHRUKHG 2 | UHT XH Qrfe) tHe \reWerisrde |¢vel, some nonzero

FRPSUHVVLRQ DQG LV XV X Dntages &ty Zppea@only on non-

and —10 dBm, depending on the model
of spectrum analyzer.

GSM:The global system for mobile
communication is a widely used digital
standard for mobile communication. It is
a TDMA-based system in which multiple
communication streams are interleaved
in time, enabling them to share a com
mon frequency channel.

Harmonic distortion: Unwanted fre-
guency components added to a signal
as the result of the nonlinear behavior of
WKH GHYLFH H J PL[HU
which the signal passes. These unwant
ed components are harmonically related
to the original signal.

preselected spectrum analyzers.

Incidental FM: Unwanted frequency
modulation on the output of a device

value that depends upon the particular
spectrum analyzer. On most modern
analyzers, we select the reference level,
and the scale factor becomes the refer
ence level value divided by the number

VLIQDO VRXUFH DPSOLoH uf gfatizxe/diiSioks. AlthQugh the

cidental to) some other form of modula
tion, e.g., amplitude modulation.

Input attenuator: A step attenuator

display is linear, modern analyzers allow
reference level and marker values to be
indicated in dBm, dBmV, dBuV, and in
some cases, watts as well as volts.

EHWZHHQ WKH LQSXW FRQQHFWRU DQG oUVW

mixer of a spectrum analyzer. Also called
the RF attenuator. The input attenuator
is used to adjust level of the signal inci

LO emission or feedout: The emer
JHQFH RI WKH /2 VLJQDO IURP Wil
a spectrum analyzer. The level can be

GHQW XSRQ WKH oUVW PL|[Htatet hein O IBMWH QoxiprésBietted

DiP &edito ptevent\g&inudrikpréssion due

to high-level or broadband signals and
to set dynamic range by controlling the
degree of internally generated distortion.
In some analyzers, the vertical position

Harmonic mixing 8VLQJ WKH /-2 K&rdishRyed signals is changed when the

ics generated in a mixer to extend the
tuning range of a spectrum analyzer
beyond the range achievable using just
WKH /2 IXQGDPHQWDO

IF gain/IF attenuation: Adjusts the
vertical position of signals on the display
without affecting the signal level at the
input mixer. When changed, the value of
the reference level is changed accord

ingly.

IF feedthrough: A raising of the base
line trace on the display due to an input
signal at the intermediate frequency
passing through the input mixer. Gener
ally, this is a potential problem only on
non-preselected spectrum analyzers.
The entire trace is raised because the
signal is always at the IF; mixing with the
/2 LV QRW UHTXLUHG

Image frequencies: Two or more real

signals present at the spectrum analyzer
input that produce an IF response at the
VDPH /2 IUHTXHQF\

input attenuator setting is changed, so
the reference level is also changed a¢
cordingly. In modern Keysight analyzers,
the IF gain is changed to compensate
for input attenuator changes, so signals
remain stationary on the display, and the
reference level is not changed.

Input impedance: The terminating
impedance that the analyzer presents to
the signal source. The nominal impeéd
ance for RF and microwave analyzers is
usually 50 ohms. For some systems, e.g.,
FDEOH 79
gree of mismatch between the nominal
and actual input impedance is given in
terms of VSWR (voltage standing wave
ratio).

Intermodulation distortion: Unwanted
frequency components resulting from
the interaction of two or more spectral
components passing through a device
with nonlinear behavior (e.g., mixer,
DPSOLoOHU

SURGXFWYV DOO RFFXU DW WéHislbywsbrsthntdifierenGes pf the

frequencies, it is impossible to distin
guish between them.

fundamentals and various harmonics,
eg.fixf qJxf, lxf, 4o land
so forth.
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spectrum analyzers but is usually less
WKDQ q G%P RQ SUHVHOHFWHG

LO feedthrough: The response on the

display when a spectrum analyzer is

WXQHG WR +] LH ZKHQ WKH /.
WR WKH ,) 7KH /2 IHHGWKURXJK
used as a 0-Hz marker, and there is no

frequency error.

Log display: The display mode in which
YHUWLFDO GHpHFWLRQ RQ WKH ¢
logarithmic function of the voltage of

the input signal. We set the display

calibration by selecting the value of

the top line of the graticule, the refer

ence level and scale factor in dB/div. On

Keysight analyzers, the bottom line of

the graticule represents zero volts for

RKPV LV V-W D QgedeUaators &f KO GBAliv or more, so the

bottom division is not calibrated in these
cases. Modern analyzers allow reference
level and marker values to be indicated
in dBm, dBmV, dBuV, volts, and in some
cases, watts. Earlier analyzers usually
offered only one choice of units, and
dBm was the usual choice.

Marker: A visible indicator we can place
anywhere along the displayed signal

7KH XQZDQWH Grde® R ®BI@tt @dcates the abse
% H F D X ¥l rdldtédtoRrie [furfdamental compo

lute value of both the frequency and
amplitude of the trace at the marked
point. The amplitude value is given in the
currently selected units. Also seeDelta
marker and Noise marker.



Measurement range: The ratio, ex Noise marker: A marker whose value 3 UHDP S @rextetnal, low-noise-

pressed in dB, of the maximum signal indicates the noise level in a 1-Hz noise 0JXUH DPSOLoHU WKDW LPSURYH
level that can be measured (usually the power bandwidth. When the noise SUHDPSOLoOHU VSHFWUXP DQDO\
maximum safe input level) to the dis marker is selected, the sample display tivity over that of the analyzer itself.

SOD\HG DYHUDJH QRLVH O Hi¥tet@on hiotlé is attviatéd, the values
ratio is almost always much greater than  of a number of consecutive trace points Preselector: $ WXQDEOH EDQGSDVYV of
can be realized in a single measurement.  (the number depends upon the analyzer)  that precedes the input mixer of a spee

SeeDynamic range. about the marker are averaged, and trum analyzer and tracks the appropriate
this average value is normalized to an mixing mode. Preselectors are typically
Mixing mode: A description of the equivalent value in a 1-Hz noise power XVHG RQO\ DERYH *+] 7KH\ HVYV
particular circumstance that creates a bandwidth. The normalization process eliminate multiple and image responses
given response on a spectrum analyzer. accounts for detection and bandwidth and, for certain signal conditions, im
The mixing mode, e.g., 1, indicates the SOXV WKH HITHFW RI WKH ke Dyp&tchrangd) ZKHQ
KDUPRQLF RI WKH /2 XVHG we&salédt thefog [disQidy mode.
process and whether the input signal is Quasi-peak detector (QPD):A type of
above (+) or below (-) that harmonic. Noise power bandwidth: $ o F W L W L R Xd¥tector whose output is a function of
OOWHU WKDW ZRXOG SDVV bt signalamplit@&dswill as pulse
Multiple responses: Two or more re SRZHU DV WKH DQDO\]HU]jV répEtifibK Eate. BHe QRDWives higher
sponses on a spectrum analyzer display ~ making comparisons of noise mea weighting to signals with higher pulse
from a single input signal. Multiple re- surements among different analyzers repetition rates. In the limit, a QPD will
sponses occur only when mixing modes possible. exhibit the same amplitude as a peak
RYHUODS DQG WKH /2 LV VZHSW RYHU D ZLGH detector when measuring a signal with a
enough range to allow the input signal Noise sidebands: Modulation sidebands constant amplitude (CW) signal.
to mix on more than one mixing mode. that indicate the short-term instability
Normally not encountered in analyzers RI WKH /2 SULPDULO\ WKH Rdsdterlispy: X TWVAkéidsplay in
with preselectors. of a spectrum analyzer. The modulat which the image is formed by scanning
LQJ VLIQDO LV QRLVH LQ WhK éle¢torFielin bapithy dckb'se Bind |
Negative peak: The display detection RU LQ WKH /2 VWDELOL]L Q Jslévilydeviritke¢ difplayate Krid gating
mode in which each displayed point sidebands comprise a noise spectrum. the beam on as appropriate. The scan

indicates the minimum value of the video 7KH PL[LQJ SURFHVV WU D QningHates dve@ast/énough to produce
signal for that part of the frequency span  instability to the mixing products, so the D pLFNHU IUHH GLW8tarD\ $OVR VI
or time interval represented by the point.  noise sidebands appear on any spectral display and Sweep time.
component displayed on the analyzer far
1RLVH pRRU Hjévdtoed bR Q HQRXJK DERYH WKH EUR D GRdal@rge §pectrihiHamaly£ekd A method

Keysight Technologies, Inc., a modeling Because the sidebands are noise, their of signal analysis in which all signal
algorithm of the noise power in a signal level relative to a spectral component samples are processed for some sort of
analyzer which can be subtracted from is a function of resolution bandwidth. measurement result or triggering opera
the measurement results to reduce the 1RLVH VLGHEDQGV DUH W\ Sitrk: Dher®are/nd bHaps lodtinéen time
effective noise level. in terms of dBc/Hz (amplitude in a 1-Hz acquisitions while nonreal-time opera
bandwidth relative to the carrier) at a tions leave gaps.
1RLVH oTheWdto, usually ex given offset from the carrier, the carrier
pressed in dB, of the signal-to-noise being a spectral component viewed on Reference level: The calibrated vertical
ratio at the input of a device (mixer, the display. position on the display used as a refer
DPSOLoHU WR WKH VLJQDO WR QRLVH UDWLR DW ence for amplitude measurements. The
the output of the device. Phase noise:SeeNoise sidebands reference level position is normally the

top line of the graticule.

Positive peak: The display detection

mode in which each displayed point in Relative amplitude accuracy: The un

dicates the maximum value of the video certainty of an amplitude measurement

signal for that part of the frequency span  in which the amplitude of one signal is

or time interval represented by the point. ~ compared to the amplitude of another
regardless of the absolute amplitude
of either. Distortion measurements are
relative measurements. Contributors to
uncertainty include frequency response
DQG GLVSOD\ oGHOLW\ DQG FKDC
attenuation, IF gain, scale factor and
resolution bandwidth.
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Residual FM:The inherent short-term
frequency instability of an oscillator in
the absence of any other modulation. In
the case of a spectrum analyzer, we usu

Sensitivity: The level of the smallest
sinusoid that can be observed on a
spectrum analyzer, usually under opti
mized conditions of minimum resolution

DOO\ H[SDQG WKH GHoQLW b&QwidliR0td® RPIXpGtdtt¥vikation
FDVH LQ ZKLFK WKH /2 LV VahdlSikimusiitldoBahdaadth. Keysight
)O LV XVXDOO\ VSHFLOHG L@GIYHQONVWAMHNDWLYLW\ DV WKH GLVSOD\HG DYHU

values because they are most easily
measured on the display, if visible at all.

Residual responses:Discrete responses
seen on a spectrum analyzer display
with no input signal present.

Resolution: See Frequency resolution.

Resolution bandwidth: The width of

spectrum analyzer at some level below
the minimum insertion loss point (maxi

age noise level. A sinusoid at that level

Spurious responses: The improper
responses that appear on a spectrum
analyzer display as a result of the input
signal. Internally generated distortion
products are spurious responses, as are
image and multiple responses.

Sweeptime: 7KH WLPH WR WXQH WKH

ZLOO DSSHDU WR EH DER X\&Cross e Sele&tediSpa.kKSiweep time

noise.
Shape factor: See Bandwidth selectivity.
Signal analyzer: A spectrum analyzer

that also uses digital signal processing
to perform other more complex mea

surements such as vector signal analysis.
WKH UHVROXWLRQ EDQGZLGWK )
6LJQDO LGHQWbutnE,Riter R Q

oOWHU RI D

manual or automatic, that indicates

PXP GHpHFWLRQ SRLQW R Qwhéthét oBrioveSparbcular y&spbonse on
H\VLJKW DQDO\]HUV WKH thé&spedrinQaGalyzé®s\display is from

LV VSHFLoOHG
6-dB bandwidth.

Rosenfell: The display detection mode
in which the value displayed at each
point is based upon whether or not the
video signal both rose and fell during the
frequency or time interval represented
by the point. If the video signal only

rose or only fell, the maximum value is
displayed. If the video signal did both
rise and fall, then the maximum value
during the interval is displayed by odd-
numbered points, the minimum value,
by even-numbered points. To prevent
the loss of a signal that occurs only in an
even-numbered interval, the maximum
value during this interval is preserved,
and in the next (odd-numbered) interval,
the displayed value is the greater of
either the value carried over or the maxi
mum that occurs in the current interval.

Sample: The display detection mode in
which the value displayed at each point
is the instantaneous value of the video
signal at the end of the frequency span
or time interval represented by the point.

Scale factor: The per-division calibration
of the vertical axis of the display.

IRU VRPH R WtKe-hiking hatle Eovwiick the display is

calibrated. If automatic, the routine may
change the analyzer’s tuning to show the
signal on the correct mixing mode, or it
may tell us the signal’s frequency and
give us the option of ignoring the signal
or having the analyzer tune itself prop
erly for the signal. Generally not needed
on preselected analyzers.

Span accuracy: The uncertainty of the
indicated frequency separation of any
two signals on the display.

Spectral purity: SeeNoise sidebands

Spectral component: One of the sine
waves comprising a spectrum.

Spectrum: An array of sine waves of
differing frequencies and amplitudes and
properly related with respect to phase
that, taken as a whole, constitute a
particular time-domain signal.

Spectrum analyzer: A device that ef
fectively performs a Fourier transform
and displays the individual spectral
components (sine waves) that constitute
a time-domain signal. Phase may or may
not be preserved, depending upon the
analyzer type and design.
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does not include the dead time between
the completion of one sweep and the
start of the next. In zero span, the spee

WUXP DQDO\]HUjV /2 LV 0[HG VR

zontal axis of the display is calibrated in
time only. In nonzero spans, the horizon
tal axis is calibrated in both frequency
and time, and sweep time is usually a
function of frequency span, resolution
bandwidth and video bandwidth.

Time gating: A method of controlling the
frequency sweep of the spectrum ana
lyzer based on the characteristics of the
signal being measured. It is often useful
when analyzing pulsed or burst modu
lated signals’ time-multiplexed signals
and intermittent signals.

TDMA:Time division multiple access is a
digital communication method in which
multiple communication streams are in
terleaved in time, enabling them to share
a common frequency channel.

Units: Dimensions of the measured
guantities. Units usually refer to am
plitude quantities because they can be
changed. In modern spectrum analyzers,
available units are dBm (dB relative to 1
milliwatt dissipated in the nominal input
impedance of the analyzer), dBmV (dB
relative to 1 millivolt), dBuV (dB rela
tive to 1 microvolt), volts, and in some
analyzers, watts. In Keysight analyzers,
we can specify any units in both log and
linear displays.

Vector diagram: A display type com
monly used when analyzing digi

tally modulated signals. It is similar to
a constellation display, except that in
addition to the detected symbol points,
the instantaneous power levels during
state transitions are also plotted on an

IQ graph.



Vector display: A display type used in
earlier spectrum analyzer designs, in
which the electron beam was directed so
that the image (trace, graticule, annota
tion) was written directly on the CRT
face, not created from a series of dots
as in the raster displays commonly used
today.

Video: In a spectrum analyzer, a term
describing the output of the envelope
detector. The frequency range extends
from 0 Hz to a frequency typically well
beyond the widest resolution bandwidth
available in the analyzer. However, the
ultimate bandwidth of the video chain is
determined by the setting of the video
oOWHU

9LGHR D P 8@dsbdétdction, DC-

FRXSOHG DPSOLoHU WKDW GQWWHHVLY KHKHHWUMEIHFRD BLUF XL W

Video average:A digital averaging of

a spectrum analyzer’s trace informa
tion. The averaging is done at each
point of the display independently and is
completed over the number of sweeps
selected by the user. The averaging al
gorithm applies a weighting factor (1/n,
where n is the number of the current
sweep) to the amplitude value of a given
point on the current sweep, applies an
other weighting factor [(n — 1)/n] to the
previously stored average, and combines
the two for a current average. After

the designated number of sweeps are
completed, the weighting factors remain
constant, and the display becomes a
running average.

Video bandwidth: The cutoff frequency

9LGHR AQastideétection, low-pass

oOWHU WKDW GHWHUPLQHYV WKH
WKH YLGHR DPSOLoHU 8VHG WR
smooth a trace. SeeVideo bandwidth.

Zero span: That case in which a

VSHFWUXP DQDO\]HUjV /2 UHPDL(
at a given frequency so the analyzer

EHFRPHV D o[HG WXQHG UHFHLY}
bandwidth of the receiver is that of

the resolution (IF) bandwidth. Signal

amplitude variations are displayed as

a function of time. To avoid any loss

of signal information, the resolution

bandwidth must be as wide as the signal

bandwidth. To avoid any smoothing, the

video bandwidth must be set wider than

the resolution bandwidth.

G% SRLQW RI DQ DGMXVWDEOH ORZ SDVV

GHpHFWLRQ SODWHVideol W Kianéviidth i6 egdal to or less than the

bandwidth and 9LGHR.oOWHU

resolution bandwidth, the video circuit
cannot fully respond to the more rapid

"KHQ WKH YLGHR

PXFWXDWLRQV RI WKH-RXWSXW RI WKH HQYH

lope detector. The result is a smooth

ing of the trace, i.e., a reduction in the
peak-to-peak excursion of broadband
signals such as noise and pulsed RF
when viewed in the broadband mode.
The degree of averaging or smoothing is
a function of the ratio of the video band
width to the resolution bandwidth.
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