low-cost

microwave spectrum analyzer

How to put together
a microwave
spectrum analyzer
from surplus

odds and ends —
the completed unit
coversdc to 2 GHz

My ongoing efforts to develop low-cost modules
for the 1296-MHz band have often required the use
of a spectrum analyzer for monitoring (and mini-
mizing) harmonic and spurious frequency com-
ponents. Numerous excursions through the local
surplus test equipment emporiums revealed that an
acceptable instrument could cost several thousand
dollars — well beyond the budget of the most
dedicated experimenter. While searching for the
unbeatable surplus buy which never materialized, |
noticed the ready availability and comparatively low
cost of a wide variety of S-band (2-4 GHz) test in-
struments and components. It occurred to me that a
microwave spectrum analyzer could be put together
from these available parts at a considerable savings.
This article documents the design, construction,
operation, and performance limitations of the
resulting microwave spectrum analyzer. While |
doubt that any reader will want to duplicate my
design in its entirety, | hope this article will provide
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guidance and encouragement to anyone attempting
a similar project.

performance requirements

The operation of any spectrum analyzer can be
characterized in terms of its frequency coverage,
dispersion, dynamic range, sensitivity, and resolu-
tion. To display frequency components well into the
microwave region, | designed my spectrum analyzer
to cover dc to at least 2 GHz. The same design
strategy could be easily applied to other frequency
bands. In fact, the upper frequency limit of this
analyzer was later extended to 2.5 GHz, as discussed
later.

Dispersion describes the ability of a spectrum
analyzer to display a broad slice of the frequency
spectrum in a single sweep. Many of the low-cost
analyzers on the surplus market display only a few
MHz at a time. Such narrow-dispersion spectrum
analyzers are useful as panadaptors, which display all
signals within several hundred kHz of a specified
operating frequency, but when tuning a microwave
local-oscillator chain, monitoring mixer image
response, or measuring transmitter harmonic con-
tent, it is often desirable to display a band several
hundred (or even thousand) MHz wide. The spec-
trum analyzer shown here can display the spectrum
from dc to 2 GHz in a single sweep. Since it's often
desirable to narrow this sweep for a closer look at a
particular signal, variable dispersion capabilities are
included in the design.

Sensitivity and dynamic range define the minimum
and maximum signal amplitudes which an analyzer
can display without distortion. In accordance with
good engineering practice, | try to suppr~ss all
transmitted spurious products by 50 dB or more. To
accurately measure this performance, the spectrum
analyzer requires at least 50 dB of dynamic range. As
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for maximum input level, | often want to display a
+10 dBm (10 mW) signal (this is the local-oscillator
injection level required of many balanced mixers).
Thus, 50 dB dynamic range with a + 10 dBm max-
imum input level yields an ultimate sensitivity require-

with this design, | can resolve frequency components
to within about 2 MHz.

As most amateurs know, a general-coverage com-
munications receiver can be used as a rudimentary
high-frequency spectrum analyzer. With an input
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fig. 1. Block diagram of the microwave spectrum analyzer. Most components were purchased on the surplus market. The swept local oscillator,
the key to the analyzer, is a surplus 2-4 GHz backward-wave oscillator. The display is an ordinary oscilloscope with dc coupling and provisions

for external sweep.

ment of —40 dBm, or 0.1 uW. Greater sensitivity (a
lower minimum discernible signal) could have been
obtained, but only at the expense of dynamic range.

The objective of any spectrum analyzer is to
display the various components of a complex
waveform in the frequency domain. The closer the
frequencies of any two components, the more dif-
ficult it is to separate them on the spectral display.
Resolution relates to the minimum frequency separa-
tion between two signals of equal amplitude which
will still permit the operator to discern two separate
frequency components on the display.

Resolution can be approximated as twice the i-f
bandwidth of the analyzer system. Generally, the ob-
jectives of wide dispersion and narrow resolution are
mutually exclusive. When measuring transmitter
audio intermodulation products with a two-tone test,
for example, a resolution of a few hundred Hz is re-
quired, and dispersion is likely to be several tens of
kHz. When viewing harmonics of a 100-MHz
oscillator, on the other hand, 2-GHz dispersion may
be required, but a resolution of several tens of MHz is
acceptable.

Resolution is primarily a function of i-f bandwidth,
which for my analyzer is fixed at 1 MHz. Therefore,

signal applied to the antenna terminals, the receiver
is manually tuned through its frequency range
(dispersion}. Frequency components are detected
and displayed (perhaps with the receiver’'s S-meter).
Resolution is a function of the i-f bandwidth, which is
probably a few kHz. Sensitivity is a function of the
receiver's noise floor, and dynamic range is limited
by the receiver’'s agc and overload characteristics.
Obviously, wide dispersion measurements require
considerable operator intervention, in the form of
tuning. Gain variations of the receiver from band to
band will limit the accuracy of its amplitude indica-
tion. Additionally, any nonlinearity in the receiver’s
agc circuit may prevent accurate amplitude measure-
ment across the receiver's entire dynamic range.
Also, the receiver’s image and spurious rejection may
be insufficient to eliminate false indications.

Ideally, a workable spectrum analyzer should be a
superheterodyne receiver in which these shortcom-
ings are minimized. Frequency tuning should be both
automatic and rapid. Instead of an S-meter,
amplitude is displayed on an oscilloscope. |f the
scope’s horizontal deflection is slaved to the
receiver’s tuning mechanism, the result is a display in
the frequency domain. Dynamic range must be max-
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Many of the objectives discussed previously are
met in the design shown in fig. 1, a wide dynamic
range microwave receiver with an electronically
tuned local escillator and ample image rejection. It in-
cludes a 2-GHz i-1 amiplifier with varable galn and fix-
ed bandwidth, and a sensitive detector for driving an
oscllloscope. Unlke conventinnal receivers, this
design up-converts the incoming signal to an i1 in
tha microwave region. Although this approach com-
plicates i-f design, it permits wide disparsion tuning.
It alsn improves separation of the rf and image
signals ‘so a simple lowpass filter can be used to
aliminate mage responses.

The microwave spectium analyzer s divided into
three separate sub-systems: the local oscillator,
wnity-gann upconvarter, and display sections

local oscillator

Central to the design of this spectrum analyzer was
tha availability, on the surplus market, of a leveled,
swept signal source covering 2 to 4 GHz. | used an
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Alfred 622BK sweep oscillator, but any similar
generator should work satisfactorily. These sweep
generators consist of a voltage-controlled oscillator |
typically a backward wave oscillator or BWO [a
microwave oscillator built around a device similar 1o a
traveling wave wbe), power supplies, a sawtooth
generator for developing a constantly varying veo
control voltage, and leveling circuitry 1o maintain
constant output across the band, Starf and stop fre-
guency adjustments permit the oscillator 1o sweap
all, or any portion of, the 2 10 4 GHz band, Levelsd
output power is typically 10 o 30 milliwatts.

Many companies are currently retiring their BWO
sweep generators in favor of wideband, solid-state
units, so quitea few BWO generators have recently
appeared on the surplus market! at prices ranging
fram $200 to $400 or so. Since this is the most costly
component of the microwave spectrum analyzer,
miake sure the unit you buy is in good operating con-
dition. Reputable electronics surplus dealers will
often let you power up an instrument and make a few
measurements prior to purchase. A practical tast re-
aquires the use of a microwave powear meatar
(bolometer bridge or aguivalent) to observe output
power in the leveled CW mode as the generator is
manually tuned across the band. Although a few dB
vanation is acceptable, dead spots or severe power
drop-off at the high end of the band indicates a fail-
ing BWO. A good, used BWO should provide years
of rediable life in intermittent amatour service

Imtarioe of the spectrum analyier convarier section showing the
doubis bolsnoed mixar snd attonustion pads. inpet filter, o F fittar,
and variabla | P attenustar,
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As can be seen in the block diagram, fig. 1, the
gpectrum analyzer converter assembly consists of an
input lowpass filter, an S-band double-balanced mix-
er, some attenuator pads, a high-Q i-f filter, a
variable I-f attenuator, and sufficient |-f amplification
to bring maximum conversion Gain to unity, The i-{
detector and its video load, though installed in the
converter assembly, are discussed later with the
digplay.

The characteristics of the balanced miker, maore
than any other component, astablish the linearity and
dynamic range of the analyzer. | used a Relcom M1F
mixer which | found on the surplus market for $35
ithe mixer retalls for about 52001, The rated frequen-
cy response of this. mixer is dc-2 GHz at the i-f paort,
and 2-4 GHz at the rf and LO parts. Note that the in-
coming signal is applied to the f port; the i port
drives the i-f system, Thus, all ports are opsrated
withinn their specified frequency ranges.

With the 10 mW of local-oscillator injection applied
ta the mixer from the sweep generator, the mixer's
conversion efficiency is compressed by 1 dB atanin-
put signal level of 1 mW. Since | wanted 1o analyze a
10 mW signal on the spectrum analyzer without ex-
ceading 1 dB comprassion, it was necessary to place
a 10 dB attenuation pad ahead of the mixer's input
[i-f portl, This pad also assures proper impedance
wermination for the mixer, as does the & dB at-
tenuatar at the output [ port). Fixed attenuators for
de to 2 GHz are available to the surplus bargain
hunter for as little as $5.00, or may be purchased new
for $15 10 $20,

With 2 GHz i-f, and a swept LO covering 2 to 4
GGHz, the mixer will respond to signals in tha de-2
GHz region, as well as in the 4-6 GHz image band.
Any componants in the image band will cause con-

siderable confusion on the display. Thus an input
lowpass filter was installed in the system 1o block all
signals above 3 GHz from entering the mixer, | used a
Microlab/FXR LA-30N filter which | salvaged from
another piece of equipment. Although the filter
originally cost $40, similar devices are available
through surplus outlets for 5 ta $10.

Spmctrum analyrer | fasction The thres 2-0Hr amplifiars are at the
bottom Diede detector is ot wppoer it
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The i-f bandwidth of this analyzer is established by
a high-0 tunable coaxial or cavity filter which is tun
ed to 2 GHz | usad tha filter from & surplus TS-406
noise generator. but any cavity with a O of 1000 or
greater should be acceptable. 1t's also possible to use

filter to vary i-f gain . The attenuator | used was also
salvaged from the TS-406 noise generatar, but any
continuously variable or step attenuator rated ta 2
GHz i acceptable — 10 dB steps will allow coarss
system gain control; it 1 dB resolution is included,

Exampln of specteal Imputity, ma displayed on the microwsves spectrum analyzer Prassnce of harmonie. subharmonde, and spuricus signals
nhower in A in thee result of an overdeiven ubd grmplfies, The same smplifise, with delve reduced 1o the rated loval, ls shown at & the one spurious

oomponent is down by more than 20 dB. Diepiey is from dc 102 GHE

a fransmussion-mode cavity wavemeter asan i-f filtar.
Thasa widely available devices have a loaded O of
saveral thousand, and exhibit only a few dB of inser
tion lnss at resonance. Note that an absorption-type
wavemeater is nof aocepfable bacause the filter must
pass maximum signal to the i-1 amplifiers at
resonance.

A 50 dB varable attenuator was installed aftor the

Microatripling side of the 2-GH: amplilier |Microcomm P& T3
Thrsa of thase units provide 30 d8 gain st 2 GHE
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the attenuator can also be used for accurate signal
level companson. This s accomplished by viewing
one signal component, setting 8 convenient refer
ence level on the display, varying the attenuator for a
like indication on the other signal component, and
nating the change in attenuator seftings.

Considerable i-f gain & required to achieve the
desirad sensitivity. | cascaded three stages of the
Microcomm PA-13 buffer amplifier.® These
microstripline amplifier modulas ofter 10 dB8 of gain
per stage across the 2.0-2.3 GHz band, and are
brased for 30 mWW output at 1 dB gain compression
Since i-f noise figure I8 not a limiting factor so far as
system sensitivity i concerned, any availlable wide
dynamic range amplifier for 2 GHz may be used.
display

The local-oscillator signal for the spectrum
analyzer is swept by a sawtooth waveform:
therefore, displaying a signal in the frequency dao
main is simply a matter of detecting. the output signal
from the - amplifiers, applying the recovered video
to the vertical deflection amplifier of an oscilloscope
and app!vinﬂ the sawiooth output voltage from the
sweep generator to the oscilloscope’s horizantal
axigs Since a relatvely slow sweep rate is used, the

*Avallable for 204 95 per stage {plus postage and handiing) from
Mcrocomm, 14908 Sandy Lana, San fose, Califorma 95124
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Output of & local-oscillator chain for & 1208 MH: convarter At A tha i I gain of the spectrum enalyzar hss besn incramssd 1o show tha spuricus
sigrain. which are 30 dB belaow the desiced signal. The displey a1 8 shows the cutput of the seme focal oactliator after it hes paased through o 3
pole bandpass fifer. Althosgh the filter has attenusted the desired signal by 1 dB. all spurious sigreie sre down mors than 50 48

frequency response of the oscilloscope is urimpaor-
tant. Virtuaily any scope with de coupling and provi-
sians for external swasp may be used.

The dynamic range of the detector which follows
the i-f amplifiers is of major concern. Fig . 2 shows
the nominal gain or loss of each element of the
analyzer upconverter, as well as maximum and
minmimurn signal levels present at each stage with
rera -f attenuation [maximum sensitivity]. Since tha
upconverter s aperated at unity gain, the power
available 1o the detector will vary fram + 10 1o — 40
dBm. Thus the diode’s tangential sensitivity must be
considerably below — 40 dBm, and the diode’s
saturation point above + 10 dBm, for a usable
display, Although | know of no diode whose transfer
charactenstics are uniform over so wide a range, the
1N21 family of poim-contact diodes are acceptabls
within certain limitations [discussed later|

Digde dynamic range is enhanced by the optimurm
terminating impedance, which may vary bebwean
1000 ohms and 10 kilohms or so. The nput im
pedance of an oscilloscope's vertical detlection
amplifiar is typically 1 megohm; thus, to assure pro
per termination for the diode, a leading resistor is e
quired, as shown in fig. 1. Since terminating the
diode's video port degrades the amplitude of the
eeovered video, ingreased oscilloscops vartical sen-
sitivity is required. On my analyzer, a 7.5k ohm video
load, in conjunction with a vertical sensitivity of 10
mV fem, provedes an accaptable display

Note that the wvertical display of the spectiurm
analyzer is approximately linear, not loganthmic
Therafore, it is possible to view only about 25 dB of

amplitude range at once, and only with extremaely
limited amplitude resolution. However, by using the
i-f attenuator to establish reference lovels as de
saribed previously, the entire 50 dB of usable

fig: 3 Tranafer characterintics of & typical microwsve diods datec
tar uslng & point-oontact dioda
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dynamic range can be put to use. Future plans in-
clude capability for a logarithmic display, as outlined
toward the end of this article.

| built the entire upconverter module in the case of
a surplus noise generator (the filter and attenuator of
which formed key i-f elements in my system). As can
be seen in the photographs, the i-f amplifiers are
mounted on standoffs inside the main chassis, and
connected with UT-141 semi-rigid coaxial cable. If

-135
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~20
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VERTICAL SENSITVITY = IO mv/cm
IF ATTENUATION : O 48

converter image response, and transmitter inter-
modulation products.

improving sensitivity

One of my primary design objectives was the abili-
ty of the analyzer to handle relatively large (+ 10
dBm) input signals without overloading. The input
pad shown in fig. 1, although it prevents mixer
overload at these signal levels, obviously limits the

+i0

+5

d8m
o

VERTICAL SENSITIVITY = 200 mv/cm
{F ATTENUATION = O d8

fig. 4. Approximate vertical scale calibration of the analyzer display (no video processing). Note the excellent linearity at high power levels, and
the comgpressed display when the detector diode is operated in the square-law region.

flexible coax is used, | recommend RG-142B/U. This
Ya-inch {6.5mm) cable is double-shielded, silver
plated, has a Teflon dielectric, and accepts clamp-
type SMA plugs of the low-cost E. F. Johnson JCM
series.

If desired, the i-f amplifiers may be mounted in
Pomona 3601 die-cast aluminum boxes. These boxes
present a neat appearance and afford somewhat bet-
ter shielding than the standoff approach | used.

The various components of the upconverter
assembly sport a variety of connectors; between-
series adapters are required to interface types N,
SMA, and TNC receptacles.

operation and applications

A recent article discussed a variety of spectrum
analyzer applications of interest to amateurs.! For
additional information, Hewlett-Packard has pub-
lished two application notes which discuss both the
procedures and the theory of spectrum analysis.2.3

The accompanying photographs show the displays
obtained with this analyzer when measuring LO har-
monic content, balanced mixer carrier rejection ,
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ultimate sensitivity of the system. Additional i-f
amplification would enhance the ability of the
analyzer to display very small signals — but then the
detector diode would saturate at high input signals.

Where both increased sensitivity and large-signal
handling capability are required, it's necessary to
replace the 10 dB input pad with an appropriate step
attenuator (and possibly adding additional i-f stages).
One candidate for the input attenuator is the Kay 520
which offers 10 dB steps to 70 dB and is flat to 2
GHz. This unit is priced under $100 , but like
everything else in my spectrum analyzer, units are
often available through surplus sources at con-
siderable savings.

Note that no variation in input attenuation or i-f
gain can increase the dynamic range of this analyzer
beyond 50 dB or so. Therefore, it is essential that the
operator select input attenuation which is ap-
propriate for the anticipated signal level. In short, in-
put attenuation should be such that the signal ap-
plied to the mixer does not exceed 1 mW, and that to
the detector remains below 30 mW. A simple
operating check involves increasing the input at-
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tenuation by 10 dB while degreasing -1 attanuation
by the same amount. An increase in the apparent
amplitude of the displayed signal indicatas that the
mixer was being over-driven

expanding frequency coverage

Recently | became invalved in designing amplifie
mixer and LO modules for 2304 MHz, and wanted 1o
extend the upper Mreguency limit of this speecirum
analyrar, This could be accomphshed by VAT
either the swept LO frequency or the - frequency
or both, Since the LO frequency range is limited By
the coverage of the avallable sweep generator, |
chose 16 change the i f frequency

With a 2 to 4 GHz swem LO, frequency coverage
from 500 MHz 1o 2.5 GHr could be obtaned by mod
fying the analyzer's i-f to 1.5 GHz. Howaver, this ax
ceeds the rated (requency range of the mixer's rf and
-1 ports: Fortunately, the frequency response of the
if port of the micer | used exceeded the specified 2
GHz. A1 2.5 GHz input, vawr is degraded somewhat
Bt the use of the 10 dB input pad effectively masks
this mismatch. As for the frequency msponse of the
mixer's ff port (used o develop -+ outputl, reducing
the -1 frequency 1o 1.5 GHe degrades conversion el
ficiency by several dB. The i & fixed, howeves, 50
this degradation applies equally 1o all mpur signais,
and nosystem lineanty s sacrificed

| originally planned to switch in a separate |-
system tar high band (0.5-2. 5 GHz) coverage, but |
discovered that the P& 13 i amplifiers were siffi
ciently broadband that they have usable gain at 1.5
GHz. Since the cavity filter used to establish - band-
width s tunable, serting the specirum amalyze: up fo)
high-band coverage s simply 8 matier of retuning thie
i filter ta 1.5 GHz, In thes mode, overall analyzer

sermitvity i degracded by abiout 10 8. but i1 s snll
adequate for many applications

With a 1.5 GHz «F the input signagl range extends
from 500 MHz2 to 2.5 GHe, and the emage Band from
H ':| Y fr I'_':il-|.- therefare  the exigting 3-GHz lowpass
filter provigdes ample image rejEchion W thowt

degrading input frequency covirage

detector limitations

Im pormal operanon (fig, 2) the dinde detector
seas o power leval from - 40 to 4 10 dBm, Fig. 3
ghows the transfer charncteristics of a typical
mictowave detector diode over this range. It dan b
sean that the diode s bemng detveen Trom 15 Sotarn
Ly Qo into its linear region. Thus, at high signal
levels. 10 B of signal change resulls in approoamats
Iy a 10 dB change in recoveced video amphituds ot
TWLT TS S T 1, P liwirls & 10 dAB AUt sl wEration
may change vides amplitude by up to 20 dB. Ob
viously, the insarty of the display 5 marginnl ) ot
hest and  umabile dymdmic @Anoge s oresmete! 1o
about 75 dB unless the oparator vanes D gaon, or
vertical sensitivity, or both

Hewlatt-Packard introduced a serles of
pacilloscops overlays for intarpreting non-linear

1A 6 . O . S

Proparly drvan 1298 M trannmit mivas, ot tha autput of & 3-pale
bandpaas fitime Tha image ©f and L0 signnla sme sll 40 df down
Iintarmoduistion products are mors than B3 dB down The amall pip
at the latt mide of the tracw is the handoadge ronrkar ani rEpisanis
parn fraquancy it is produced when the LD sweeps thoough the 0
Filymr

{more properly, non-loganthmic) swept displays 4 A
similar set of overlays, which | have derived for my
spectrum analyzer, & shown in fig. 4 Although
this calibration data s vald only for my analyrer, a
similar vertical axis can be derved {or any spectrum
dixplay Al you have to dois apply an input signal of
known amphtude through an accurate stap B
tenuator, By varying the attenuation and noting the
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displayed amplitude, calibration lines can be grease-
penciled directly on to the face of the CRT.

The utility of this spectrum analyzer would be
greatly enhanced if it were possible to display
simultaneously all signals between —40 and +10
dBm. If you want to view the entire 50 dB dynamic
range without adjusting reference levels with the i-f
attenuator or.varying vertical sensitivity, it will be
necessary to apply the output of the detector into a
compression video amplifier.

There are several integrated circuits available
which provide logarithmic video amplification; with a
logarithmic amplifier a display such as that shown in
fig. 5 can be obtained. Note that below about — 10
dBm, the display approaches a uniform 5 dB per cen-
timeter deflection. However, the transition from
square-law to linear detection results in severe scale
compression at higher power levels.

An ideal spectrum analyzer display should have
vertical response similar to that shown in fig. 6.
Although | have not yet been able to achieve this per-
formance, it should be possible by developing a
logarithmic video amplifier which makes its transition
to linear response above a selected input level.

An approach used successfully by Pacific
Measurements in their logarithmic power meters in-
volves an operational amplifier in which the feedback
resistance is a nonlinear element {a semiconductor
junction). As the junction potential of this feedback
path is exceeded, the gain curve of the op amp
changes. The result is an amplifier which makes its

d8m
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-35

-40

VERTICAL SENSITIVITY = 40 mv/cm
IF ATTENUATION = 0O dB

fig. 5. Typical vertical scale calibration of a spectrum analyzer with
a logarithmic video amplifier. In this case display linearity is good
at lower input signal levels, but compresses rapidly as the detector
diode enters the linear region.
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transition from logarithmic to linear response at
selected power level. Perhaps some reader will be
able to contribute a similar circuit for appropriately
shaping the video output of the spectrum analyzer’s
diode detector. What is needed is a display whose

+0

+5

-20

-25

-30

-35

-a0

fig. 6. Ideal vertical response for a spectrum analyzer. This response
requires a video amplifier with a logarithmic compression curve be-
low an input of 200 mV, and linear response above 400 mV.

amplitude is graduated at 5 dB per centimeter, over
the entire dynamic range of the system. This
modification would significantly enhance both
measurement accuracy and ease of operation.
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