A network analyzer

To measure the frequency response of a filteaigoamplifier), we can use a sine wave generatoaand
oscilloscope.

At each frequency, we have to measure the frequeheyamplitude at the input, the amplitude atdbgput
and also the phase.

A lot of time is necessary to do that, and the mesament precision is not very good.

It is also difficult to measure a capacitor, anucidr or a resistor at several frequencies.

One solution is to useraetwork analyzer.

The network analyzer we will describe here, is nyagnsine wave generator driven by a personal coenpu
(PC) and a voltmeter connected to the same PC.

The voltmeter is like a synchronous detector, iasuges the amplitude and the phase of the sigtiaé at
frequency of the generator.

The frequency range is from 200Hz to 60MHz, theudency resolution is approximately 0.035 Hz.

With some restrictions, it is possible to extenel filkquency range down to 20 Hz.

The network analyzer measures tjJagn and the phase (or the group delay) of filters and amplifiers ises
frequency). The gain scale is linear or logarith(ai8 scale); the frequency sweep is linear or libigaric.

A network analyzer which measures at the samettim@mplitude and the phase of the gain, is somesti
called: Vector Network Analyzer (VNA).

The network analyzer measuiegpedances, it can display :

- the module and the argument (phase) of the diapee .

- the real part and the imaginary part of theedgnce.

- the module and the phase of "S11"

- for a capacitor, the value of the capacitor #redquality factor (Q) ,with the series modelwith the

parallel model.

- for an inductor, the value of the inductor anddhelity factor (Q), with the series model or wiktet
parallel model.
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How it works:

Two direct digital synthesis generators (DDS) ndéfog Devices AD9851), are driven by an USB pora 61C.
One generator (DDS1) is at the frequency F , thersgenerator (DDS2) is at the frequency F+25Hz.
DDS1 drives the input of the device under test (pUthe output of the DUT is the RF input of a débe
(Motorola MC1496). This RF input is the "A" input the network analyzer.

DDS1 drives also the RF input of a second detdthoough an optional attenuator). This input is'tRé input
of the network analyzer.

The second generator DDS2, drives the local osmill@O) inputs of the two detectors.

At the output of the two detectors, there is a |[pags filter, the signal of interest is at the frergey of 25Hz,
(the frequency difference between DDS1 and DDS2).

Two 24 bits analog to digital converters (ADC) ,asere the signal at the outputs of the two detector
Then, with the comparison of the two signals aH25amplitude and phase), the PC can calculate the
attenuation (or the amplification) through the DW@Rd also the phase rotation through the DUT.

The generators need a 150 MHz clock. To get thisMBz clock, we use a 50 MHz quartz oscillator. The
third harmonic (150 MHz) is selected with a 150 Mbénd-pass filter.
An AC adapter (7Vac) is used to make the +5V aed-HV needed by the electronic circuits.



TomeasureR, L, C components, we have the choice between the "series" setuphentparallel" setup.
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We can put the DUT igeries between the generator (DDS1) and the input otidiector (A).

The impedance of the DUT reduces the signal abtitut of the (A) detector.

If we compare the amplitude and the phase of teasiat the output of the (A) detector with thensilgat the
output of the (R) detector, we can calculate thellrdpedance.

With the series setup, the measurement precisioredses when the impedance of the DUT becomedoxgry
(compared with 50 ohm).

We can put the DUT iparallel with the detector (A) and the generator (DDS1).

Two 50 ohm resistors are added (next to the DUI@S@ resistors are optional).

If we compare the amplitude and the phase of teasiat the output of the (A) detector with thensilgat the
output of the (R) detector, we can calculate theldpedance.

To measure very low impedance values ( compardd%@tohms), the precision is better with the palaétup
than with the series setup.

Parallel setup is the only solution to measurengrmeddance with a ground connection : (antenna,partioutput
of an amplifier).

The measurement precision is not good if the impeel®f the DUT is high (compared with 50 ohm).

Electrical schematics

The network analyzer is built with 8 printed circhoards.

a DDS1 generator

a DDS2 generator

a detector (A)

a detector (R) , the (A) detector and the (Recter are identical

a 150 MHz clock generator

an USB interface

a power supply

a clock generator to get a clock needed bwttadog to digital converters

All the PC boards are connected together with wares$ coaxial cables.



The DDSI generator
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Direct Digital Synthesis generator (DDS1) | RF sources

The AD9851 is the direct digital synthesis genaerémalog Devices), see the data sheet of thisutito see
how it works.

The AD9851 needs a REFCLOCK (here 150 MHz), 3 abhittes FQ_UD, W_CLK, D7 and a +5volt supply.
The signal at the output is not a smooth sine whawreis like stairs.

A 60 MHz low-pass filter is necessary to get a clsime wave.

This filter is design with a source and a load idgee of 50 ohm.

The goal of this filter is to have a good rejectadrthe frequencies above 90 MHz.

The capacitors in parallel with L2 and L3 help & this rejection.

For the Q of the inductances, the higher Q at 6(zNdHthe best choice.

At the output of the filter a 100F tantalum capacitor removes the DC voltage.

Then a 50 ohm potentiometer is used to adjust tlyeud level.

A wideband current feedback operational amplif@PA695) increases the output level and reduces the
impedance.

Two high precision 50 ohm resistors send the sigm#ie output (A) and to the output (R).

Capacitors C1,C2 are optional ; with a network e, we can find the value of C1 et C2.

Output (A) and output (R) are DC coupleid not put DC voltage on the outputs!

The +5Volt for the OPA695 comes from a 78L05 vadtaggulator. The -5Volt comes from a 79L05 voltage
regulator. We use through hole voltage regulabersause we had this parts available.

There is a 33QF capacitor at the output of the 79L05 regulattrisTapacitor decreases a small defect on the
OPAG695 output impedance (at about 200KHz).

Is it a weakness of the 79L05 ? (we need to ingat). There is no pad for this capacitor on thetead circuit.

Result of the investigation in connection with greblem with the 79L05: the 79L05 that we used is a
Motorola ( TO92 case). The output impedance ofriggilator is high and present an instability aegquency



ranging between 50KHz and 500KHz (the frequencyegaaccording to the output current). This instgbil
cannot be removed by capacitors at the input tireabutput. We tested several parts, all have itblelgm.
Solution: we replaced the 79L05 (Motorola) by a @SIl(National Semiconductor), which is OK.

The 79L05 Motorola have they all this problem? ©it only a bad batch? In the doubt, we will choose
National!

The DDS2 gener ator
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The DDS2 generator and the DDS1 generator aresneriar.

To get more amplitude, the filter is loaded withatbns impedances.

(the frequency response of the filter is not véay f because with 75 ohms impedances, 150mdtithe best
choice, 220 nH would be better, but we havg @d0nH available.)

At the output of the filter, an emitter follower EBR540) is used to reduce the impedance.

The outputs are connected to the local oscillatputs of the detector boards ,(A) and (R).

The shield of the 50 ohm coax cables is not DC eoted to ground !



The detectors
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A balanced modulator (MC1496), mixes the inpubhaldA or R) with the local oscillator signal. Atd output
of the modulator, a low-pass filter removes thehHrgquencies content, to keep only the 25 Hz signa

For this filter, 1uF and 220 nF are polyester capacitors, ceramicctaps (X7R or Y5V) vary too much with
the temperature.

An operational amplifier (OP279) increases the aign

(We recently replaced the OP279 by a TS922 (from;Sthe TS922 is less noisy and that improvdit(@)
the dynamics of the analyzer.)

A 24 bits analog to digital converter (ADS1251) sw@&s the signal 7*25 times per second
(approximately).The ADS1251 is also a kind of loasg-filter, see the data sheet of this circuit.

The ADC needs a clock (ADC CLOCK) at the frequent$7204 Hz.

The data are transferred to the USB interface thithSCLK and DOUT signals.

The +5V is regulated with a 78L05 voltage regulator

The -5V is regulated with a 79L05 voltage regulator

The (A) and (R) inputs use PCB edge SMA connectors.

There are two resistors at the input (R1 and R2)must have R1+R2=50 ohm +/- 0.1%

Inputs (A) and (R) are DC coupled, do not put DG@age on inputs !

Do not exceed a maximum signal level of +7dBnileninputs !

There is no protection on (A) and (R) inputs (oid alteration of the input impedance).

The MC1496 is not expensive and easy to replacea@e of failure).

The peak to peak voltage at the OP279 output neukdds than «refADC» (to avoid over-scale probbhath
the ADC) . «refADC» = 4volts.

«refADC» from (A) board must be connected to «i2@» from (R) board.
There is no layout for this modification on therped circuit.



The USB interface
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USB INTERFACE

The USB interface uses the work of the Arduino getittp://www.arduino.cc/

The electrical schematic is an approximative caipe Diecimila board (from the Arduino project).
An FT232RL (manufacturer FTDI) changes the USB aigino communicate with the serial port of an
ATMEGA168 micro-controller (from ATMEL).

For the software, this interface is seen as aali@OM port (57600 bits/s , 8 bits, 1 stop bit,pavity).

To program the micro-controller there are two pogses :

1 - Buy a Diecimila board, and load the networklyrexr program with the Arduino software (througle tiSB
port).

2 — Buy an ATMEGA168 and program the flash memoity\a parallel port programmer. The Arduino project
has a parallel port programmer, but we do not sategth this programmer ? We have used a paiade!
dongle DTO06 with the PonyProg softwaltgtp://www.lancos.com/prog.html

The DTO06 dongle is very easy to built : 4 resistamd a parallel port connector.

The PonyProg software needs to access directlgahadlel port, it is not possible with windows 2080xp; it

is necessary to install a software like «userportzPorttalk» to allow this direct access.

The power supply for the USB interface comes framretwork analyzer ; the + 5volt USB supply isyonl
used to reset the FT232RL.

The micro-controller program is small.

On our USB transferts there is no error detection.

At the beginning of our project, we used a pargtat interface and a DOS program , it was vernabét. The
main drawback was the video mode : 640*480.

The USB interface adds some complexity, but sothhedvideo mode limitation.

Sometimes an error on an USB transfert can hangrdggam (not very often !).



The ADC CLOCK generator
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The analog to digital converters (ADS1251) neetbaekc

The frequency of the clock is 384 * measuremergueacy.

We start with the 50MHz oscillator : 50000000=8*384*25.0016001*7
8*93= frequency divider

25.0016001*7 = number of measurements per second

384 = needed by the ADS1251

The frequency of the ADC CLOCK is 50000000/(8*93§264.3 Hz

The frequency of 25.0016001Hz was chosen to helprtmve the parasitic power line frequency (501z i
Europe).
7 is the number of measurements per period.

The first divider is a 74HC393 ripple counter. Thegquency of 50 MHz is a little out of specificatifor the
74HC393 , but typically it works; check with an tlescope that the divider works correctly. If yprefer, put
two 74AC74 in place of the 74HC393.

To divide by 93 we use a 74HC393 counter and aCO8gate to reset the counter at 93.



The 150 MHz clock generator

50 MHzZ used by the clock generator for the ADC
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150 MHz Band pass filter

150 MHz CLOCK GENERATOR

The AD9851 DDS generators need a clock at the &egyof 150 MHz.

A 50 MHz quartz oscillator drives a 74ACO04 invert€nree inverters are connected in parallel tcagetv
output impedance.

The best is to have a duty cycle of 50% at thewduspthe 74AC04; if the duty cycle is 50%, thesend even
harmonic in the signal.

A 150 MHz band pass filter selects the third harimon

This filter is made with four resonators, thesenedors use PC board traces and surface mountittapac
A capacitor at the output of the 74AC04 is tunethhe inductance of the trace (between the ieverand the
first resonator).

This filter was design with the software : « fred¥EDS » http://www.memresearch.com/download.htm
The bandwidth of the filter is wide then it is m@cessary to adjust the capacitors of the res@ator

The 150 MHz signal is connected to the DDS1/DDS&tavith twisted wires.

The amplitude of the 150 MHz signal must be gredi@n 2 volts peak to peak (measured at the iofpilite
AD9851 with a low capacitance probe ( < 1pF)).
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It must be possible to do not use the 150MHz gdaeréut we have not tried !).

Inside the AD9851, there is a Selectable 6x Reteréiock Multiplier.

We can use a 25MHz crystal quartz oscillator (23*%83). Then, we have to modify the ADC clock genarato
(the first 74HC393 must divide only by 4). And, Wave also to do a small modification in the micomvcoller
program (to select the 6x Reference Clock Mukipli

The specification of the AD9851 indicates that phase noise is higher with the Reference Clockipligr
enabled. But we do not know if this phase noisemadify the dynamic of the analyzer ?



The power supply
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The power supply uses a small external 7 voltsYi#C adapter (7 volts measured without load).
The diodes are 3 Amperes schottky rectifiers (serfaount).

The +5 volts regulator (LT1585) uses the box as-bek (it is necessary to have an electrical iasah
between the regulator and the box).

The software

Do not expect a beautiful program , the capabdlitéthe programmer are very limited !
All the programs are written in basic languagedb@sic) http://www.freebasic.net/
A linux version and a windows version are available

There are four programs :

Zmeasure.exe : to measure the impedances oésistars, capacitors ..etc
Fmeasure.exe :to measure the insertion gaimedilters or amplifiers.



Zdisplay.exe : to display later on the measurémerade with the Zmeasure program
Fdisplay.exe : to display later on the measuresnerade with the Fdisplay program.

Video mode: The programs use a windows of 1024*768 pixels.

It is not possible to resize the windows.
If the PC has a 1024*768 screen, it is better tothe full screen mode (with alt + enter).

USB FT232R driver installation

windows : install the FT232 driver, choose the Virtual Cport (VCP) driver
http://www.ftdichip.com/Drivers/VCP.htm

Connect the USB cable and the power supply oattadyzer.

In the windows menus, find the COM port addressthed FT232R USB interface (COM3 or COM4 ..etc)
(start > run > devmgmt.msc )

Configure the COM port : 57600 bits/s , 8 bitgppshit, no parity .

Run Fmeasure.exe and press the F2 key to writ€@ port address.

Linux : (with the UBUNTU distribution)

We do not need to install a driver; but it is nesegg to remove a braille program : brltty

Type the command : sudo apt-get remove brlttpr with synaptic remove the brltty program.
Connect the USB cable and the power supply oattadyzer.

In the directory /dev/ there is a file namegU$B0 or ttyUSB1 or ttyUSB2 ...etc

Run Fmeasure.exe and press the F2 key to Wwataamed of this file (ttyUSBO or ttyUSB1or ...).

To get more information :http://www.arduino.cc/
The name of the board is diecimila.

The first time we run Fmeasure or Zmeasure ,aldite named CONFIGU is automatically created.
This file contains :

- the COM port address (windows) or the name degttyUSBO or ttyUSB1 or ...) (linux)

- the value of the reference resistor used focHigration

- the value of the parasitic series inductancéefreference load

- the value of the parasitic shunt capacitancéefte¢ference load

- the value of the amplitude and phase misimbétween the input (A) and the input (R).

- the exact value of the clock frequency (a0 MHZz)

The CONFIGU file is not a text file, you can writethis file through Fmeasure or Zmeasure.

A Heélp for Fmeasure and Zmeasure
To start or stop a scan, press the space baeahe «start/stop» button; when the scan is sthyo& can
access the menu.
To move across the menu, use the mouse .
To change a number, put the mouse cursor on tineuthen type the new number + “enter”

To increment/decrement a digit of a number, puintioeise cursor on the digit, then move the mous#l scr
wheel.



To move the markers use the mouse.
The frequency sweep range can be set virtbg"'max” and 'freq min" or with "center” and '‘span”.

To copymarker1 to Freq Min andnarker2 to Freq Max, type CTRL+V (it's like a zoom furastj but
you have to scan again). If markerl=marker2 th€RIG-V copies markerl to Freq Center.

Thenumber of measurementsper scan «meas/scan» can be set at the following valéés 101, 201,
401, 801. The default value is 401.

When you change the «meas/scan» value, the cadibr@ormalization) is cleared and the measurement
memory is cleared.

On the graph, the measurement points are connbgtdte mean of straight lines.

The markers indicate the measurement values of¢heest measurement point (There is no interpolati

The measurement time (for each frequency point) can be set between 4md<5120ms.The possible
values are : 40, 80, 160, 320, 640, 1280, 25600 512

When the sweep time increases, the noise is rddaod the dynamic range increases. At each point,
before the measurement, there is a stabilizatioa {40ms).

The sweep time is function of the number of measerd points per scan and the measurement time at
each frequency point.

With meas/scan = 51 the sweep time can vary bet@esstondes and 263 secondes.

=101 ! 8 521
! =201 ! 16 1037
! =401 ! 32 2069
! =801 ! 64 4133

Thedynamicsrange : if we check the dynamics range of the analyaercan see that , above 10 MHz, the
dynamics range decreases.

The root cause of this problem comes from the losalllator and the leakage inside the detectarssolve
this problem, add an external 20db attenuatoher(R) input, then normalize.

A modification of the DDS1 generator could decretise problem.

Calibration :with the program Zmeasure, if we use only theeies set up”, it is possible to measure
components without calibration, but calibration nones the precision.

With the "parallel setup” it is necessary to caltbr

To calibrate , set the "freq max" and the "freq'mselect talibrate asked", then use the “start calibrate”
button to start a scan, then follow the indicatiamigten onto the screen.

Normalize : with the program Fmeasure , it is possible tasoee filters without normalization , but
normalization improves the precision (some netvanélyzer imperfections are removed). To normalize :
replace the DUT by a through connection, in thiasehooseriormalize : asked” then use the “start
normalize” button to start a scan. When the scdinished, remove the through connection and pait th
DUT, now the new measurements will be normalized.

Normalization is not a full calibration, becauséddies not correct the errors of the input and dutpu
impedances of the analyzer. But full calibratiodlifficult and take a lot of time.

The input and output impedances of the analyzeclase to 50 ohm (see the measurements).

It is recommended to calibrate (normalize) eacle time change the start or the stop frequency bakés a
lot of time; if we don't need precision, very oftee can measure without calibration (normalizgtion

When a scan is finished , with the butte@opy measureto Memory», we can put a measurement to a
memory . On the screen, we aigplay simultaneously the content of the memory andwa n
measurement. It is useful to compare two component® see the effect of an adjustment.



length : it is possible to add an electrical length (pesitdr negative) in series with the DUT. It is usefu
only if we want to measure a component without radization or calibration. "length” allows to
compensate the difference of length between thelj@hnel and the (R) channel.

To find the length value, use Fmeasure, replac®the by a through connection , when a scan is lieds
adjust the length value to have the smallest pl{asénveen "fmin" and "fmax") . To do that, put tneuse
cursor on a digit of the length value, then usentioeise scroll wheel to adjust the value of “length”

Save measureto File: when a scan is finished, we can save the measotema file.

We can write a bmp file (this is a copy of the gmal screen window).

We can also write the numerical measurement dadila with the extension .s1p or .s2p

With these file formats (Touchstone), we can impaont measurements into a S-parameter simulation
software (Qucs, RFSIM99 or PORTVIEW for example)

With our programs Fdisplay (for the filters) andigday (for the impedances) , we can display our
measurements . The files with the extension slpsdpdnust be in the same directory than Fdisplay an
Zdisplay.

To save the measurement of a one port device, aesetthe sl1p file format. This file is a text figh 3
columns, the first one is the frequency (Hz), theosid one is the s11 amplitude (dB), the thirdierike
sll phase (degres).

To save the measurement of a two ports devicechwese the s2p file format. This file is a tex¢ fibith 9
columns, nb 1 is the frequency (Hz), nb 2 issh& amplitude (dB), nb 3 is the s11 phase (deb)4 is
the s21 amplitude (dB), nb 5 is the s21 phase (adx® is the s12 amplitude (dB), nb 7 is the diZsp
(deg), nb 8 is the s22 amplitude (dB), nb 9 issP2 phase (deg).

This network analyzer can only measure one pararaetetime.

With Fmeasure, we measure s21 (forward insertiom) gand we save the data in a s2p file.

We swap the input and the output of the DUT to meas12 (reverse insertion gain), and we savedte d
in the same s2p file.

With Zmeasure, we measure s11 (at the input) ansawe the data in the same s2p file; then we measur
s22 (at the output) and we save the data alwalygisame s2p file.

When we measure s11, it is necessary to put a ®3 @dad at the output.

When we measure s22, it is necessary to put a B8 éyad at the input.

If the DUT has only passive components then s2d=s1

To put in a same file all the s-parameters of apmas device, it is necessary to keep the samiésste
frequencies for all the measurements, and to keepdame number of measurements per scan.

Bar graph indicator : on the bottom right of the screen , there is agbaph indicator.

This indicator shows the signal level on the (Auband on the (R) input. We can adjust the sifgel
with the potentiometer . Do not exceed 7dBm , teehgood dynamic range set the signal level aB#d
to have a good precision reduce the signal leveldgm.

The peak to peak voltage at the output of the ORP2U$ be less than 4volts

With the Fmeasure program, we can display the kigaal on the (A) and (R) inputs versus frequenioy
do that, in thedisplay” possibilities chose dB, A,R.

If we choose "fmin" =1 MHz and "fmax"=99.99 MHz @a linear sweep), we can see the effect of the 60
MHz low pass filter of the DDS1 generator. The atade at the output of a DDS generator varies
according to the formula a(f)=(sim{f/fclock))/( rf/fclock) with fclock=150MHz.



The amplitude decreases when the frequency ingeadé60 MHz the decrease is 2.4dB ; this decrisase
added to the attenuation of the 60 MHz low passrfil

Above 60MHz, the amplitude of the local oscillatdescreases quickly ; a signal at (150MHz-f(DDS)) is
coming within DDS1 and DDS2 signals (see the AD9834cification).

Above fclock/2 (75MHz), the amplitude increasesiagaow the main signal is the signal at (150MHz-
f(DDS)).

Thegroup delay : with the Fmeasure program we can measure thggtelay versus frequency.

The group delayt(w)) measures how much the phase is increasing @pedsng) when the frequency is
increasing, T(w)=-00(w)/0w) with w=2*1¢*f , B(w) is the phaser(w) is measured in second.

For filters, it is sometimes useful to have a cansgroup delay (in the pass band of the filter).

To calculate the phase change, it is necessasiaotdwo frequency pointsi(ind £), (f2 at a small
distance of f) and to measure the pha&eand62 at fL and .

The group delay is calculated a®2-{ 01)/(2*re*( f2- f1)).

The distance between &nd £ is thedelay aperture, ( delay aper in the menu of Fmeasure).

The delay aperture can be adjusted between 0.28%6#% of the full scan (the lowest limit varies lwihe
number of measurement points per scan).

The best is to select the lowest value, but iftthee is too noisy, it is necessary to increasevéhge of the
delay aperture.

For the cables, which have a frequency responaguell flat, the group delay represents durattat the
signal puts to be propagated along the cable;dvu filter this is not true; the group delay canpositive
or negative .

Inside the delay aperture, if the phase increasdgeorease) is more than 180 degres then the nesasot
is wrong (it is necessary to reduce the delaytapeor the frequency span).

Sour ce and load impedances : to define the frequency response of an amplifiex filter, it is necessary to
specify what is the source impedance and whaeisoidd impedance. The network analyzer has a 50 ohm
source and load impedance, to work with differealtigs of impedances it is necessary to add resistor
series or in parallel.

An other possibility is to measure the 4 s-parametéthe 2 ports device (s11, s21, s12, s22) wbo

ohms source and load impedance; save the measurenaes2p file. Open this file with an S-parameter
simulation software (Qucs, RFSIM99 or PORTVIEWkritadjust the source and load impedances to find
the best values.

When a scan is finished we can stop the scan i&lspace bar or the stop button.

After that , choose the parameter to be measuwyath; impedance, S11 etc ; adjust the scalesup y
needs.

If the frequency scale is modified, press the sj@reo start a new scan.

To setup thescales, we can use : k=kHz , m = MHz , Kk Qkm=MQ , u =, n = nano , m = milli

Thelinearity correction of the modulators (MC1496) : when the amplitude of the signal oe itiputs (A
or R) increases, the gain of the modulator decsease

To see this gain decrease : put a 30dB attenuattiteo(R) input and no attenuator on the (A) injus;
signal on the (R) input is low, the gain on thisuhdoes not change , but on the (A) input we eantkat
the gain decreases (a little bit) when we incrébseamplitude of the signal.

To correct this linearity defect : by calcul, wedaallinearity correction . This correction is projanal to
the amplitude”2 . Today, we can modify this lingacorrection only in the source code.

When the signal at the input is 6dBm, the correcit$0.0208dB

When the signal at the input is 0dBm, the correcits00.00486dB

"A/R" gain variation with thetemperature.

We built two analyzers. The first analyzer is buiith two AD9850 DDS generators.

The AD9850 is specified at 125MHz (max clock fregesd, but we run it at 150MHz.

The second analyzer is built with two AD9851 DD®@mtors. The AD9851 is specified at 180MHz.
With the first analyzer, after startup, the "A/Riiig varies with the self-heating of the analyzer.



Four hours later, the temperature is stabilized,the "A/R" gain variation is about 0.003dB.
With the second analyzer, the gain variation isdow

To measuretheamplifiersdistorsions:

Today, the program to measure the second and itldentrmonics is not written.

It seems that the hardware does not need moddit&ti do this measurement.

The harmonics of the 25Hz are removed by the Fouir@nsform (the harmonics 2, 3, 4 and 5); the
harmonics 6 and higher are removed mainly by th&2AZb1 and also by the low pass filter.

The main modification is to change the programnmatibthe DDS2 generator and the menus on the screen
One thing is needed, that is the courage to do that

The printed circuit boards

All the PC boards have the traces on the top, agrdand plane on the bottom ; except the power Igupgard
which is a single face PC board.

The thickness of the PC boards is 0.8 mm for th&DBnd DDS2 generators, but it is possible to uenin
PC boards without problem .

The thickness of all the other boards is 1.6 mhe;naterial is FR4. For the 150 MHz band pasg filte
design need to be modified if we change the thiskrod the board or the material.

The connections from the traces (on the top) taytbend plane (on the bottom) are made with sonalsm
wires soldered.

To make all the PC boards we used the toner transféhod. We need a laser printer, a copper claddhya
clothes iron and some Epson glossy photo papenkget printers ;

The etchant is a ferric chloride solution. Durihg etching process we pass a brush on the boapén up
the process and to make uniform the etching. Weaos®ne to remove the toner.

Most of the time, the traces are 0.635mm wide (ora)) and there is no problem with the "iron method
around the AD9851 , the wide of the traces is 0.3imencareful.

The two detector boards are identical. All the comgnts on these boards are on the traces side ;

1uF and 220nF polyester low pass filter capacitoestiarough hole components but they are soldered as
surface mount components. The 78L05 and the 79&@5lators are through hole components, but they are
soldered as surface mount components.

To help, the layout and the electrical schematcvary similar.

The two generators (DDS1, DDS2) : to solder the 8519, we put a lot of solder ; the solder creabests
circuits between the pins, then we remove the stiaits with a de-soldering braid.

On the DSS1 board there is a potentiometer, thesnpiometer is soldered as a surface mount componbis
potentiometer is adjusted with a small screw dr{flem the outside of the box, via a hole in th&)bo

The 150MHz clock board : the 50MHz quartz osciltasoa through hole component, there are someicuke
ground plane (around the VCC and the output gmggolate these pins from the ground plane.

A small wire is used to connect the output of theiltator to the inputs of the 74ACO04.

A small wire is used to connect the VCC of the kestor to the +5V ; these wires are on the groulache side.
(Perhaps, if you modify the printed circuit boaydu can put the quartz oscillator on the other §pleund
plane side) of the printed circuit board.)

On the USB interface, the micro-controller, thertparystal and the USB connector are loaded omgtbend
plane side.

To isolate the pins of these components (from themd plane), we use a milling bit, the shape eftttilling
bit is a ball.

All the PC board ground planes are electricallynmmnted to the metallic box with the fixing screws.



The measurements:;

The first time that we run the analyzer , connketdutput (A) to input (A), and the output (R) nput (R) ,
(with the short cables).

Run the Fmeasure software.

Choose to measure : gain (U) vs frequency ; scan 1kHz to 60MHz

The gain must be nearly constant and probably et and 1.1

If we disconnect the cable on the (A) input , théngnust be zero.

Now, to correct the bad symmetry between the (Anctel and the (R) channel, press the "F5" key alhalf
the indications written onto the screen.

By this way, we correct the lack of symmetry " frequency dependant ".

The " length " correction allows to compensatedifierence of length between the (A) channel ared(ER)
channel.

The symmetry correction and the length correctienrest necessary if we use the calibration.

To check the precision of our measurements, wd 1% resistors and 1% capacitors .

When the frequency is higher than 10 MHz , it igendifficult : we have to find the value of the asitic
elements of the reference load (used for the elidor) to get the best correlation with capacitond
inductances available data.

A capacitor 's manufacturer (AVX) has a prografIM8C) that gives the quality factor (Q) of surfac®unt
capacitors at several frequencies.

Some programs calculate the inductance and thé&tadtor of air coils (at several frequencies).



gain & phase vs frequency
gain: dB =cale
dB & degres

gain Max: 0.00000
(dB) MIN: -200.00000
rdiv: £0.00000

phase Max: 1.00000
(deg) MIN: -1.00000
rdiv: 0.20000

freq Max: 60000000,00
(Hz) Min: 200,00

sueep !
MEAS/SCan:
ME/MEAS !

4 length(m):

;ﬁ'ﬁ ! normalize:
Wil ( n | H T ; ﬂ VU IM p \ﬂ display:
f 't n, \ ||
i e
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Copy measure to Memory
Jave measure to File

||| h|"ﬂ'i|| ‘ ||||| | |i I" || !| ’| i

Start
Help
Ad justment
Exit
marker : 967.54 Hz -122.87951 dB  -135.51039 deg

marker Z: 4258.26 Hz -126.96921 dB  -164.77127 deg
marker Z-1: 3290.71 Hz -4.08970 dB -29.26087 deg

Dynamics range of the analyzer (measured at the slowest speed.

The signal on the (R) input is 6.5 dBm, the (A)uhfs open.

We can see that, above 10MHz, the dynamics rangeakes. The root cause of this problem comestiiem
local oscillator and the leakage inside the detscibo solve this problem : add an external 20d&naiator on
the (R) input, then normalize.

A modification of the DDS1 generator could decret@ise problem.



gain & phase vs frequency
gain: dB =cale
dB & degres

gain Max: 0.00000
(dB) MIN: -200.00000
rdiv: £0.00000

phase Max: 225.00000
(deg) MIN: -225.00000
rdiv: 45 .00000

freq Max: 60000000,00
(Hz) Min: 200,00

sueep !
MEAS/SCan:
ME/MEAS !

nornalize:
display:

il [ Ay

Ii ||hﬂﬂlﬁ 4 Nlm m‘¢ﬂ1"“f‘”?¢ ﬁ| ||F |F”iM 1L'“”h\ T‘ Copy measure to Memory
‘ l ‘ I Save measure to File

l

M, T it i

Start

Help

Ad justment

Exit
marker : 967.54 Hz -125.13607 4B -43.99114 deg

marker Z: 4258.26 Hz -122.56320 dB 179.26286 deg
marker Z-1: 3290.71 Hz Z2.57288 dB 223.25100 deg

Dynamics range of the analyzer

With a 30dB attenuator on the (R) channel and anabration, the dynamics range (above 10MHz) daés n
vary.



| gain & phase vs frequency
! gain: dB scale
dB & degres

gain Max: 0.02000
(dB) MIN: —0.0Z000
sdiv: 0.00400

phase Max: 0.10000
(deg) MIN: —0.10000
sdiv: 0.02000

freq Max: 6O0000000.00
(Hz) Min: 200.00

suweep: log
neas-sscan: 401
ms/meas: 640
i length(m): -0.0620
' normalize: off
display: dB,deq

Copy measure to Memory
Save measure to File

Start
Help
Ad justment

Exit

marker H 662.76 Hz 0.00015 dB -0.00043 deg
marker Z2: 4680.69 Hz 0.00018 4B 0.00001 degy
marker Z-1: 4017.93 Hz 0.00003 dB 0.00044 deg

On this picture, we can see than differences between the (A) channe and the (R) channe ; (without
normalization, but with the " length correctionidawith the " non frequency dependant " correcjion

If, in the frequency range of a measurement, tgagedifferences are acceptable,then it is noéssary to
normalize.



s11 vs frequency
|s11|(dB) & arg(s11)(deg)

|s11] Max: 0.000
(dB) MIN: -100.000
sdiv: 10.000

arg  Max: 225.000
(deg) MIN: —-225.000
sdiv: 45.000

freq Max: 6O0000000.00
(Hz) Min: 200.00

suweep: log
neas-sscan: 401
ms/meas: 160

. calibrate: om
4 display: dB, + Menm

Copy measure to Memory
Save measure to File

Al

Help

L \“ it

\

marker H 1245.12 Hz -82.850 4B -3.558 deg
marker Z: 9946298.11 Hz -70.776 dB 48.824 deg
marker Z-1: 9945052.98 Hz 12.074 dB 52.382 deg

Reference Load

lh p M“ W Hh“‘ M '|\' Vi | I||)| Start
} W\lh .»Lﬁ,v i ‘lwﬂ al M U”M”IIIW,I\;‘ “\ﬂh\hf"h I” }‘ “Wi ” |‘ |H;\|\|| JU |i1|

Exit

| mpedance measurement of the A and R inputs (in the s11 format)

To measure these impedances, we need two netwalyzars ; (we built two network analyzers) .
At low frequencies, s11 is defined by the precisspR1+R2=50 ohms.
Above 10 MHz, a small capacitor (about 1 pF in paravith R2) can improve the value of s11.



s11 vs frequency
|s11|(dB) & arg(s11)(deg)

|s11] Max: 0.000
(dB) MIN: -100.000
sdiv: 10.000

arg  Max: 225.000
(deg) MIN: —-225.000
sdiv: 45.000

freq Max: 6O0000000.00
(Hz) Min: 200.00

suweep: log
neas-sscan: 401
ms/meas: 640

calibrate: on
display: dB, + Menm

Copy measure to Memory
Save measure to File

N

Start
Help
Reference Load
Exit

marker H 967.54 Hz -76.560 dB 1.558 deq

marker Z2: 5309.84 H=z -77.143 dB ?.422 deyg
marker 2-1: 4342 .30 Hz -0.584 4B 5.864 deg

I mpedance measurement of the A and R outputs (in the s11 format)

For the network analyzer application, the outpyteatance of the OPA695 amplifier does not add emahe
measurement of the gain vs frequency.

Then, to do this measurement : remove the poweaaslgb the analyzer to be measured, connect tgitbend
the output of the amplifier OPA695, then measydm,not forget to remove the short circuit aftex th
measurement !)

The capacitors in parallel with the 50 ohms outpststors are 1pf

(the value of the capacitors can change with the wgad to connect the coax cables to the boarth¢se
capacitors are optional , it is just an improvement



s11 vs frequency
|s11|(dB) & arg(s11)(deg)

|s11] Max: 0.000
(dB) MIN: -100.000
sdiv: 10.000

arg  Max: 225.000
(deg) MIN: —-225.000
sdiv: 45.000

freq Max: 6O0000000.00
(Hz) Min: 200.00

suweep: log
neas-sscan: 401
ms/meas: 160

calibrate: on
display: dB

Copy measure to Memory
Save measure to File

Start
Help
Reference Load
Exit

marker H 1245.12 Hz -58.675 dB 6.186 deg

marker Z2: 9946298.11 Hz -52.578 dB 40.251 deqg
marker Z-1: 9945052.98 Hz 6.097 dB 34.065 deg

I mpedance measurement of the (A) or (R) outputs (in the s11 format)

If we used the analyzer outputs as a general pargeserator, then output impedance of the OPA693ifaen
contributes to the output impedance.

To make this measurement, connect the power sgbphe analyzer to be measured, put the potentemadt
minima position , and with another analyzer measiugeoutput impedance.



gain & phase vs freguency
gain: dB scale
dB & degres

gain Max: 0.00000
(dB) MIN: -10.00000
sdiv: 1.00000

phase Max: 5.00000
1 C(deg) MIN: -5.00000
y sdiv: 1.00000

freq Max: 60000000.00
(Hz) HMin: 20,00

sueep: log
meas/scan: 401
nss/neas: 1280

length(m): -0.0325
normalize: off
display: dB,A,R

Copy measure to Memory
Save measure to File

Start

Help

Ad justment
Exit
narker : 5369.71 Hz -0.00011 4B —0.00071 deg

marker 2: 1351.50 Hz —0.00027 dB —0.00078 deg
marker Z2-1: —4018.20 Hz —0.00015 4B —0.00008 dey

(A) or (R) generatorsoutput signal level.

On this picture, the purple trace shows the vianadf the voltage at the output (R) or (A) (measlin dBm).
(The scale is identical for dB and dBm)

The -2dBm decrease at 20Hz comes from the 100ukcitap (between the 60MHz low-pass filter and the
potentiometer).

At 60MHz , the decrease comes from the AD9851 thadow-pass filter.

To measure at afrequency lower than 200 Hz

It is possible to extend the frequency range daw20Hz, but with some restrictions.

When the frequency becomes lower than 200 Hz,i@itude on the (A) and (R) inputs must not exceed
0dBm (to avoid over-scale problems on the inputthefADC).

When the frequency decreases, we must increassvep time ; at 20 Hz to measure each frequency,poi
we need 1280ms or 2560ms.

At 20Hz the dynamic range is also reduced .

When the frequency becomes lower than 150 Hz aweplass filter at the output of the detectors ded t
ADS1251 low-pass filter function, cannot remove #ignal at the frequency of : local oscillatogirency +
input frequency.

To measure the signal, the program takes the Fauaiesform of the signal; if we increase the measient
time at each frequency, we reduce the bandwidttheot band-pass Fourier transform filter" andegtbmes
possible to remove the signal at the frequencyl@tal oscillator frequency + input frequency.

For example : to scan from 20Hz to 20kHz, from 2@61250Hz set the sweep time at 1280ms/measuremient;
150Hz stop the scan, change to 40ms/measurementctimtinue the scan.

At the frequency of 25Hz , we can see some smélctie; because 25Hz is also the frequency abut@ut of
the mixer and the isolation of the mixer is notnité.



The box

To have more than 100dB of dynamic range, it isagary to separate the detector (A) and the det@}o
The generator DDS1 and DDS2 are also separated.

’_7 61.00 mm —W

60.00 mm

I 122.00 mm |




The outer wall of the box is made with an iron $hdenensions 551mm*60mm*0.8mm

There is a bend in each corner.

The exact length of the sheet depend of the bendadgus. The junction is in the middle of the bade.
The vertical dividing wall, and the two horizonthViding walls, are made with 3 iron sheets, dimens :
154mm*60mm*0.8mm.

The top and bottom covers are made with 2 alumirsbeets, dimensions : 124mm*158mm*2mm

Iron sheets are soldered with a soldering wire iseblder electronic components.
We used (iron + nickel) sheets, because we hadlieists; but tinned iron is less expensive.



Top view

GRS

detector (A)

ADC clock generator

USB interface

detector (R)

Bottom view

power supply
DDS2(local oscillators)

150 MHz clock generator
DDS 1 (RF generators)

_Disposal of the printed circuits inside the box .

USB interface
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Atmegal68 programmation

To program the micro-controller there are two pogses :

1 - Buy a Diecimila board, and load the networklyrexr program with the Arduino software (througle thiSB

port).

2 — Buy an ATMEGA168 and program the flash memoity\a parallel port programmer. The Arduino project

The source code to be usedhisluianajac2

has a parallel port programmer, but we do not sdteath this programmer ?

We have used a parallel port dongle DT006 withRbryProg softwarehttp://www.lancos.com/prog.htmi

The DTO06 dongle is very easy to built : 4 resistamd a parallel port connector.

CB25 SUB D CONMECTOR (male)

ATMEGA168
(top view)
Pt FEO[]
|rE2 ]
1k MO S|
EE ] the crystal quartz 1s perhaps not necessary 7
220 MISO ] -
{|PB4 ] T
1k SCK 22pF
[ |res KTAL 37__1"_
= 15 MHz
P rardnle WTALT @ F—— T
- 22pF
'_E AREF GHND Eﬂ
100nF = 100nF +5 yolts
B [ vee 1 ] =
1 * Z100uF
= O FD4 || H
|: FD3 :l — Owolt
+ Svolts comes from an USE or P32 connector
] Fo2 [] {on the same PC than the parallel port connector)
Il ™D [ ]
] rR<D 2]
O RESET [L—j
L o~
1k #RESET
use a 28 pins socket (forthe ATmega)

Solder the DB25 connector directly on the

DTO006 parallel port programmer

printed circuit board.

(to be use with PonyProg software)

In the PonyProg menus choose :

AVR micro , Atmiéga and

DTO06 parallel.

If there is nothing in the flash memory, when wad it, there is FF everywhere.

With the PonyProg software, write the filarduinol10.e2p (in the Atmegal68 flash memory).

Then write theconfiguration and the security bits (write the flash memory before the security bit).




Configuration and Security bits

Configuration and secubtis



