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ABSTRACT

Theprojectspurpose is taesign, build andneasure transmitter and receiver module (TRM)
and antenna prototype for an IFF/SSR system usitige Electronically Scanned Array
(AESA) techngue which is unique in these systems.

The projecttoncludes the desighuild and measurement of a TRMisn its basic blocksn

the form of test circuitsAn antenna array with 10+4 active elements are designed amnail
measured in aanechoic chambefhe project successfully resulted in a theoettpower to
each element of 953W at 1dB compressidre 2™ and 3! harmonic generatefdom thesystem
could be keptithin the IFF standard limit with the manufactured filter in this projébe
antenna constructed using dipoles haadivereflection factorof around10 dBfor the worst
elementat O steering anglendat 60 steering angle it w&slB for the worst element and edge
frequency.The complete TRM wasonly in the design stage this master thesis, the size of the
design resulted in the dimensions 250x117mm.

In conclusion, the power requirement for 700W per module was met and the power in 1 dB
compression were 998 with losses after the power amplifier accounted for. The lipeaer

from the amplifier yielded a power of 80Q\Iso meting the power requirements. The antenna
did notmeetthe requirement of 10 dB return loss, however, the antenna design in itself resulted
in a small and light antenna array which was desirabibuatts in this project. The requirement

for the size of the complete TRM was 250 mm x 120 mm and this requirement wiasimeet

design stagéor this project. There were two different phase shifters in this project and the
conclusion was to go for the ge shifter designed with transmission lines instead of the IC
circuit. This decision was made because the designed phase shifter hadamtbmere even
insertionloss It also had anore predicable phase shift for 180

Keywords: ActiveElectronicallyScanned ArrayAESA), Active reflection coefficient,
Embedded element patteintegrated Circui{IC), Power Amplifier(PA), Transmitter
Receiver Modul¢TRM), Identification, Friend or Fo@FF), secondary surveillanaadar
(SSR) Low Noise Amplifier(LNA), Balun, Hybrid,High power amplifier



Abstrect

Rapportersyfte ar atdesigra, bygga ochutféramétningen av sdndare/mottagare modul och
antenenamnad for IFF/SSR system med aktiv elektriskt styrbar gruppantennteknik, vilket ar
unikt bland dessa system.

Projektet inkluderar design, bygg och métning av séndare/mottagare modulen uppdelad i dess
grundlaggande delar. En gruppantenn bestaende avak@ivd antenrelement ar designad,

byggd och uppmatt i en ekofri kammare. Projektet resulterade i en teoretisk effekt levererad till
varje element pa 953W vid 1dB kompressidarmonierna fran systemet i.e. andra och tredje
overtonerna holl sig inom IFFastdarden med det tillverkade filtret som anvéndes i projektet.
Antennen som ar konstruerad med hjalp av dipoler har en reflektibd @@ for en utstyrning

av (@, vid 60° utstyrning for det varsta elementet och kantfrekveaseeflektionerbdB. Den
slutgiltiga TRM blev bara designad i detta mastersarbete, dimensionerna fér denna design blev
250x117mm.

Nar det kommer till effekt kravet for TRM, sa var det pa 700W och den uppnadda effekten vid 1
dB kompression var 953W. Vilket betyder att kravet bleviyfippch den linjara
effektforstarkningeag pa 800W sa aven detta uppfyller effekt ktaatennen som
konstrueradesmastersarbetefppnadde inte kravet pa en aktiv reflektionsfaktor pa 10 dB,
daremot sa resulterade arbetet i en kompakt och litemanilket var 6nskvart for projektet.

De framstallda kraven for vilka dimensioner som den slutgiltiga TRM skulle ha var 250x120
mm, detta krav blev uppfyllt i den design som gjordes. Det togs fram tva stycken fasvridare i
dettaprojektoch en slutsats alessa tva var att man borde anvanda sig av den fasvridare med
transmissionsledningar. Dettaslutbaserades pa att denna fasvridaren mot den integrerade
kretsen hade lagmech jamnarddrluster Den har aven en mer férutsagbar fagving vid 180°.
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1. Introduction

1.1

1.2

Modern radar systems utilize the 8& technology to scan tharspace The main advantage is
you dondt n eretatingplatform to scamthe steuhdings. Furthermore, this
AESA technology will lead to more flexibilitybeing able to sustain multiple main loles
different directions in rapid successiombe AESA will also give better redundancy since the
system will work even wheafailure for oneor moreTRM modules occur. In atraditional
combined system with radar atntification, Friend or FO@FF) amechanical platforns
neededo rotate the @tennas since the IFF systems today has a fixed main lobe. It is therefore
of interestto develop an IFF system withE&A technologyin order for the systems to work
coherent As a result, you can have the system in a fixed position and scan a seattedf
the airspacavith both the IFF and radar, simultaneously or sepaféis report builds upon a
similarma s t teesisiiane in 2009 wh the same objective but with different specifications.

Aim of the project
Development and prototyping of #fF system containing a transceiver arishear 15-dipole
array antennd-or the transceivefocus will beto avoid distortion of the pulse train from the
interrogatorand harmonicsvhile sustaining a high output power. The focus forahnna will
beto develop amctive electronically scanned arragtenna within the specificatioasd
frameworkprovided by SAAB

Limitations
Voltages
The voltages are supplied from multiple lab power supplies, not limiting us to use standard
voltage rails.

TRM modules

The project is not intended to lead to a fully working prototype, but merely a proof of concept
for the AESA IFF system. This can be done with just one TRM maniutest circuitsas the
others are to be identical in design.

Limited to commercial amplifier blocks and components

The decision to only use commercial available amplifier blocks will enable us to design and
build thetest circuitfor the TRM on the given timeframeAs for other components it is to our
advantage to use as many common gomnents as possible to simplify the design stage.

Antenna desigq

Theantenna will be regulated in the design asphbet is the numberof elements as well as
element spacing is set as well, &d#PENDIX A. BasicHFSS design has been set up fobys
SAAB of antenna elemengnd we are to work frorthosedesigrs, constructing a functional
antenndor theintendedfrequencyband

The pulses will not contain a messagand only a certain pulsewidth will be tested
Thetestpulsesgeneratedo test the TRMwill only be one of the IFF pulsesandard used in a
specific modeThis specificpulsehas a width of @5¢s anda pulseperiod of 12.%s.

We will only amplify the received signalsnot encode them or sample them
Thesignal received isnly to beamplified. The TRM we are building is not to include any form
of decodingmodulationor pre-distortion merely amplifying and phase shifting it



2. Theory

2.1 ldentification, friend or foe
Theldentification friend or foe(IFF) system is a weléstablished standard and vebsveloped
duringWorld War Two to identifyairbornefriend or foe out on the battlefielda radio
communicationlt consistof two pars, the interrogatoand the transponder, where the
interrogator is the asking paocated at 1030MHand the transponder in thasweringpartat
1090MHzcentrefrequencyTh e | FF syst em can onlindirectcetecht i fy a
afoebased orif no answeis receved from the transpondei oday the identification system is
used for both military aircrafts and civilian aircrafffie interrogatoiis oftena groundbased
stationand thetransponder isftenlocated in the aircraffl] As areferencdor power,ICAO
annex lGstateshas set peakeffective sotropic radiated power (EIRBj max 52.5dBW?2].

There are several different modes for the IFF system and some of them are strictly military. The
differentinterrogationmodes can be sebelow:

1 Mode 1(Military )
The nonsecure method used to track aircrafts where the code is set by the pilot but is
first assigned by thAir Traffic Control.

1 Mode 2 (Military)
This is strictly for identification i.e. the tail number of the aircraft.

1 Mode 3/A (Military an d civilian)
The standard system used by the military and civilians to relay their position to the
grourd controls throughout the world

1 Mode C (Military and civilian )
Altitude information from the aircratft.

1 Mode 4 (Military )
The secure encrypted IFystem used by the military.

1 Mode S
Aircraft can be addressed uniquelsingits 24-bit ICAO address or to address.all
Military aircrafts can change its ICAO code, but not during fligBi [4]

The military and civilian transpondemspondd i f f er ent |l y 1 . ethesanteey dond
interrogatiormodes. The military transpondeeply to modes 12, 3A, mode Sand possibly

mode C. The civilian transpondéro e s n 6 t to modeslpedmdde 2. However,ytmeust

respondo modes 3/Anode Sand C[1]

2.1.1 Mode S

There are 24 different formats for the interrogation and response and categorised as-short, 56
bit, or long,112-bit. The interrogator uses several pulsalted P1P5 to set uandspecif the
mode,format and sync the phase. The data contained seRGrom the interrogatare

modulated usinglifferential phaseshift keying(DFSK) of 0 and 180 The transponder uses

pulse modulatiomnd binary pulse position modulatigiBPPM)to answer[3]

Examples of different formats can be the mode S format 11, wshéchall call format where

all transponders are requested to answer. The transponders then answgcaritimunication
capabilities as well as it€AO 24-bit address and the interrogators identity code. Mode S can
also be used as a data link as fomfat 20, 21 and 24 where Format 20 and 21 also includes
surveillance functiong3]



The standardontainsa lot of specificationsequired from the interrogatomot all have come in
consideration for this project or stated in this regést ModeSthe rise time of all the pulses
P1 to P6 shall bbetweerD.05 and 0.1s andafall time betweerD.05 and 0.2s. [3] [1] There
are alscriteriadefined in the frquency spectraonsisting of a tapered window in which the
frequency spectra must &ind the amplitude of the harmonics in reference to the gaséen in
Figure2.1 andTable3.5. [2] [3]

Center frequency

-31dB
30 MHz

-38dB
40 MHz

-43dB
50 MHz
,—I 60 MHz |—| -47dB
_[- -]_ -50dB

Figure 2.1 Interrogator bandwidth specification around the centre frequetmy
fulfil the STANAG 413criteria [3] .

2.2 Transmit receive module

A Transmit receive modul@RM), is a deviethatin a common housing can both transmit and
receive signals. In a bad aspect this can arethatthedevice alsohouseghe signalprocessing
side of generating and decoditige signal. Howevein this paper the TRM refers to a device
containing tha@ransmitter and receiver together with all tiber component necessary in the

signal path to create a phase shift and attenuation contiidgram of thedesignis presented
in Figure2.2.

Power Amplifier

Pre-Amp Driver Hybrid

ST

Attenuator Power Amplifier

Hybrid

Antenna

o

Circulator Notch filter

Phase

SPDT

LNA

Hybrid Hybrid

Limiter
—

50 ohm

v

LNA

Figure 2.2 The general view of the TRM block diagram where you can see the main
parts needed for a TRM circuit



2.2.1 Phase Shifter

In thedesign the phase shifting for each elemantto be in the TR sommon path ahe
input. This is due tboth the signal transmitted and receivediathe samazimuth anglend
therefoe almost the same phase sisfheededor both transmit andeceivedafter each other.
The switching time needs to be fast astiime difference between a transmbodeandreceive
modeneeds to be short for a high preforming product.

Phaseshifting a signal issquivalento creating a timelelay This can be dee indifferent ways
butan eay wayis using transmission lirsawvith different length to create a longer path for the
delayed signal. The length of ttransmission lin€TL) is dependentmthe speed of the wave
in that materigldependent on theffective dielectric cogant,or the dielectric cortant- for a
TL substrate[5]

2.2.2 Attenuator
The attenuators purpose is to attenuate a signal in an accuraie aviiyed valuer between
predefined levelsThe attenuation should not distort the signal in anyway when the signals
propagates through the attenuator. Some characteristics important forrhatattés the
accuracy of the attenuator and that the frequency banddshawé a flat response. Furthermore,
the reflection i.e. the SWR should be low so you have a high transmittance. The purpose of the
attenuator in the TRM module is to be able to perform tapering for the antennalaa@ng
the beam[6]

2.2.3 Pre-amplification
The signal received from a signal generator is ofesy wesk, thegain of the power amplifier
PA, is only in the order of 15dBs0 in ordeto reach 60dBm from a source of couple of dBm,
pre-amplificationis neededThese systems amerelyto boost the system in a linear manner,
not going into compression to earlgleally, only the finaktageis going into compression
while thepre-amplifiers (preamps are linearln this system, the pramps aredividedinto two
parts, the premp and the driver. The drivisk is to provide thBA with enoughnput power,
as these demands a tdtpower to oprate.The preampis used to boost the signalvel so no
high power signal needs to godlighthe phase shifter and attenuasrthis can cause
compression and distortion

2.2.4 Power amplifier
The power amplifier is the last staigean amplification chain, the power amplifier often
operates in the naimear domain which means that the srsadinal Sparameters is not enough
when designing thenThe power amplifier can be desegiio be a class AAB, B or Cby
setting the bias pot for the amplifier[7]

The poweramplifier in the following project is a class AB power amplifier, thus this class will
be described in more detail. The class #&Bplifieris definedoy the conduction anglieeing
somewhere between 180° and 3&f°each transistor pair, combining thenetwsure 100 %
conduction for the two transistors when you have small signals in@dahe PAThis yields a
higher efficiencythan a classical class A amplifigB]

The pushpull configuration can be done by using a 18&nsformer to let the twamplifiers

work with a 180° difference and then combine the power at the output with another transformer.
This means that one of the transistoill amplify thesignal and the other orel80 phase
shiftedpart. The positive and negative padf the signal will ome together with a second
transformer as stated befof@]

The Balanced amplifier can make use of a hybrid coupler to double the output power if the



couple is considered ideal in phase and amplitude. The hybrid would cancel aisthatch
signalsfrom the amplifier since the reflection from the two transistors will®& out of phase.
This is only true if the transistors are identical. Other reflegtighe circuit will end up in the
terminated port. However, this is also only true if the coupleorisidereddealin its self [9]

The power amplifiewill in the nonlinear region generate harmonigéey will appear in the

foll owing manner (n=0, 1, 2, 3¢é) where you ha
all generated from the fundamental tone. This will lead to signal distortion of the furntdhmen

tone and is unwanted in a power amplifier. Theresaveralolutionsto this problem where

e.g. you can use the fact that the even order harswaweyshave a positive phase out from

the amplifier, this means that you can cancel them witBCa transformeiat the outputThere

is also a possibility to use a quarter wave stub connected to ground to direct the even order
harmonics to ground9] [10]

2.2.5 Circulator

The circulator is a threport device which is a nereciprocal device. The scattering matrix for
an ideal circulator can be seerbBguationl.

47° A
© 44
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From this you can see that the signal only can propagate from port 1 to port 2, port2 to port 3
and port 3 to port 1. The device will have isolation in the reverse dire¢ti@ncirculator can

be used as a switdtiefore the antenna and switch betwBsrand Tx modeusingthe three
portswithout anycontrol signals The circulator can also act as an isolattiéf circuit design

hasa 50 ohm resistor at portf@r the circulaor. This will lead toisolation between port 1 and 2

in the reverse directiore. isolate the amplifier from reflectionfl1]

2.2.6 Switch

In the design there are tvewitcheswhich directsthe signal depending if the systésiin a
transmit or receivetate. Therarealso a total oseven switches in thghase shifter. The
switchesused in this project are the singiale doublethrow and double ple doublethrow,
shortenSPDTand OPDT. The SPDT has a single linkatswitches betweetwo states of
output TheDPDT switchused inthis projecthas two inputs ahtwo ouputs.It operats by
either connecting the outputsraightor in theswitchedposition by crossing theutputs. This
meanghatthetwo signals on each inpptn, both can be directed at the same titmeach
outputpin, unlike if two SPDT would be connected back to b&tR]

2.2.7 Limiter

The limiters purpose in@ceiver design is to protect the low power components such as the
LNA from high power signals. The limiter should have low loss to be able to receive small
signals at low power level. Furthermore, the limiter needs to be sufficiently fast, so that the

spke | eakage doesndt damage the front end of t
highly reflective mode of the limiter needs to be swift since the receiver is blind during the
l imiters fiblocking modeo. T hseenlrfagsire2c3. concept

When a high power RF signal lays over the diode, it starts to conduct. The impedance gets low

and starts to reflect most of the incoming-pwersince you get a large impedance mismatch.

This protects the receiver circuit andad the Ii
itself. The purpose of the inductor is to generate a DC path to ground when the diode gets self
biased by the higmtoming RF power. This lets the DC current flow through the diode and the
inductor. The inductors second purpose is to be a RF choke when the limiter is in the low loss
mode.[13]



<

Figure 2.3 Basic Imiter circuit consisting of an inductor in the left and a dikoon
the left

When there is high power incoming on the limiter there will first be a spike leakage passing
through the limiter, thispike leakage needs to be sufficiently small to not damage the receiver.
The diodes that are to be used in this project should be able to eeftexghpower to not

exceed the critical powdimit of the receiver circuifThe threshold of a limiter is leed as

when the diode used is 1 dB into compression i.e. when the insertion loss is 1 dB higher than
the insertion loss when you have a small signal incident upon the diode. The threshold level is
mostly decided by the thickness of thlayer between R and Nlayers. They are so to say
proportional to each other. Another characteristic of fagdr is the minority carrier life time
which is the mean time for a free charge carrier to exist before you get a recombination of the
free charge carrie.he Hayers volume and resistivitaredirectly proportional to the minority
carrier life time. The minority carrier life time should be kept short because the limiter will
reflect the RF signal faster and thus better protect the receiver with shorityréaater life

time. The drawback with short minority carrier life time isathinderdy er and you can
handle as a high input power as with a diode with thickaydr.[14]

Thelimiter design seen iRigure3.25is a design that has a quarter length of transmission line
between the diode with the thinnetldyer and one with the thicketdyer. The first one is
calledcoarse diode thdtas athicker Hayeramd the second one withe thinnei-layer is called

a cleanup diode. When you have an incoming large-8énal upon the limiter, the diode with
the thinner dlayer will change its ippedance firsas it has a shorter minority carrier life time
The reflection creates standing wavevith voltage maximaat the diode with the thicker |

layers which will force this diode into conduction earlier. This means that the design will be
able tobe fast and still protect the circuit from high4g&wer since you have the diode with the
thicker Hayer asafirst stage[15]

2.2.8 LNA

The low noise amplifiér £ NA) main pupose is tdhave a low noise figure as the name

suggests. The LNA is often usedréceiverssince the noise floor is closer to the signal peak,

this means that i f t hfetheamplifedhe §igna to noesemtios ndt | ow
(SNR)becomedo lowto detectthe signal. To achieve minimum nojssme mustompromise

and accept a lower gaby matching the input closer ¢o . In this project the LNA is used in

the receiver part of the TRNIL1]



2.3

2.4

Stability
Instability in a circuit is when it has the potential to oscillate. The reason fqithigomenois
often due to the port impedance of the circuit has a realgsarthan zercesulting in ago S
porx S p. This oscillation can also occur at other frequencies than thosegsigrs are
made for[11]

Measuring the stability, omanuseR o | | et 6 s ¢ o n defiredsmtmatifk>Tand t e st
s p are satisfied, the circuit are unconditionally stable. The definitionsdodwcan be
seen inEquation2 and3. [11]
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Wheres are the scattering parameters of your devise.

Antenna
The antennin the following thesis will be a linear array antenna and therefore this type of
antenna will be described here in more detail. Then two of the important characteristics and
measurements that are to be done for this type of antdmswill be discussd in the chapters
2.4.1 and 2.4.2.

An array antenna always consistseteralntennaand differs from a classical single antenna.
There are some advantage use an array rather than a single antenna, where one of the
advantages is that you can sté® antenna beam by phase shifting every antenna element. For
the best result when it comes to shaping and steering the antenna beam you should be able to
change both the phase and amplitude of each antenna element in tharertiagr advantage is

that you can keep the size down for the array i.e. halimmerdesign if you compare it to a

reflector antenna. However, one disadvantage is that it is more expensive to design an array and
manufacture itThe array can be designtmdhave a so called full scan and that mea®§°,

this is the intended goal in this master thestgect [16]

2.4.1 Embedded element pern

The embedded element pattégrihe radiation pattern for one element while the other elements
areterminated Superposition of thembedded elemepatterngepresentsheradiation pattern

of thefull antennawith an ideal feed netwofld 7]. By measuring the embedded element
patterns of eachlement differenbeams can be generaiadiost simulations. In these post
simulations, the full system can be simulated, and the phase and amplitude of each antenna
el ement 6s el ect ritoseétheetfedtinthafarfidde modul at ed

2.4.2 Activereflection coefficients

The active reflection coefficieior an antenna element is the reflection seen when all elements
are excited at the same time, i.e. including mutual coupling. Typical unit cell simulations, in

e.g. HFSS, assumes uniform excitation with same amplitude for all elements in an infinite array
and a progressive phase shift for a particular scan angle. If therhdtr$ is measured or

simulated for a finite array the active reflection coefficient for each element can be computed by
applying the desired amplitude and phase excitations atpeat;[l8]

N



3.

Designof TRM

Manufacturing of the test boards are done in order to classify the components and make
necessary changesdaptimize the circuiténdividually. Post improvements and classifications

for future work are also easier if there are test circuits of the components used. The most
important components are the phase shift®A, power amplifier and filter. They are crac

in order to make the system reach the specifications and regulations set by SAAB and the IFF
standard. For future work, things as isolation and filters may be of intépest second

evaluationf the power demand increases or substitutions are mhaglole of some components.

The designs usdd thetest boardsveretaken from the suggested circuit from the data sifeet
included. It was applied on our substrate and tunethi®iprojectineed using ADS As for the
amplifier without a large signal mdel the goal was to sustain the suggested impedance on the
source and load. For amplifiers without an optimal source and load suggegt@wanmseter
matching was made. For the large signal models, the desigopiazedto reach a good
compromise between linearity, high 1 dB compression point and suppressing the harmonics.

3.1 TRM hock diagram

Phase Attenuator Power Amplifier

Power Amplifier

Pre-Amp Driver Hybrid

-

Hybrid

Antenna

Circulator Notch filter

o

SPDT
LNA

Hybrid Hybrid

Filter

&

25

Limiter
C

50 ohm

LNA

Figure 3.1 The general view of the TRM block diagram where you can see the main
parts needed for a TRM circuithe different parts/components will be discussed in
this chapter.

3.2 Substrate

Substrates are important depending on thdieations. In the 1GHz aremost substrates are
sufficient as for higher frequeres there can groblems to have a staldéslectric constant for
awide frequency bandReferringto the project back in 2009 they udedgers 4350B fotheir
project[19]. This substrate is a weadlstablished and known substrate capable of handling high
frequencies. This substrate was also stated on thenRLiBfactures website to always be on
hand, leading to fast turnaround on the manufactufihg.substrate used to d@sthe TRMin

this projectis Rogers 4350B. The propertiesncerning a power amplifier desitpr the

substrate can be foundTable3.1



3.3

Table3.1 Properties of the substrate ROG4350B

Properties Typical Values Test Condition
Dielectric Constant 3.66 15% 8-40 GHz

[- ]

Dissipation Factqr 0.0031 2.5 GHz

tan{ |

Thermal Coefficient of 50 [ppm/°C] -50°C to 150°C
Thermal Conductivity 0.69 [W/m/°K] 80 °C

The bss tangent has a high impacttba loss of theircuit and should be as low as possible for
the substratéelhe importance of a low variation tife dielectric constay , is related to the
impedance match of the power amplifignich in turn will affect both gain and power.
Accordingto J. Coonrod20] you should have akerance of 5 % or bettewhich is the case

for the chosen substrate. Thermal coefficient (TCL) illustrates how much the dielectric
constant changavith temperature. Since a power amplifier will generate its own heat variation

itdéds especially i mplrbepropartythermabcordectviey skey flggev T CD

that illustrates how good the substrate will transfer heat. The thermal ceftgiuadia rule of
thumb should be.B W/m/°K or higher when using the substrate for a power ampl#§r
This canbe seen iTable3.1 thatthe value is 0.69 W/m/°KT'he material propertiesf
Rog4350Baretherefoe well suitedfor a power amplifier mountedniit.

Phase shifter
Difficulty in finding aphaseshifterin stockfor the IFFfrequency bantkd totwo different
phase shifterto bedesigned for this project. One IC bought and weedesigned. The bought
one isaMAPS-011007 and is rated for 1.2 to 1.4 GHz, however the .s2p file available spans
from 200MHzto 2.4 GHzenabling an evaluation of the product

Due to theMAPS-011007 vasnot intended for use outside of the 1.2 to 1.4GHz bamiésign
was maddor the IFF bandis well The two couldhenbe compared to eadtther andhe best
design cold be pidked for the task.

The phase shifter design is buikingthe time delay between two TL of different length
calculated using Linegic for the lowercentre frequency 1030MHz. Thisae made due to the
specification of 6 bits resolution and both 1030M&tl 1090MHz need to be able to phase
shift 360° The wavelength of 1090MHz is shorter than 1030MHz atitki® forphase shifted
380.968¢ for filling the specification.

The design is built on DPDT switchemodel MASWSS0128onnecting a TL of lengthand
one of lengthd "YBig - where LSB ighe least significant blength N is an integer from 0
to 5 and is the mininum TL needed in order to construct the ciralue to dc block capacitors
needed higveen the switches and clearantike generaypology usedcan be seen iRigure

3.2.



22— 1
L
TLIN 2

TLIN L3 TLIN
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3 1 3

-] e
2 4 2 4

P4

MASWSS0129 - 1 I 2 MASWSS0129
Switch1 TLIN Switch2

TL1

Z=50.0 Ohm

E=eps

F=1030 MHz

Figure 3.2 The design typology uséar thephase shifr.

Each bit wa€EM simulated at the esabf the TL and tuned for close approximation to the ideal
phase shift. The daftar each bitis included inTable3.2

Table3.2 TheEM simulated phase shift for each bit in the phase shifter

Ideal Phase Shif EM SimulatedPhaseShift

for the6 Bits 1030 MHz 1090 MHz
5.625° 5.628° 5.955°
11.25° 11.246° 11.899°
22.5° 22.494° 23.801°
45° 44.998° 47.612°
90° 90.264° 95.513°
180° 180.025° 190.483°

This design was implemented in cascade coupled desiga 8RBT at each end tiie phase
shifter. The SPDF switch usaslas MASWSS0157rom Macom rated from DC to 2.5GHEkhe

layoutwasmade compact anchpacitors weradded. The contraignalsfor the switches were
added. The final design can be seeRigure3.3.

RF out

RFin

Figure 3.3 Layoutof the phase shift test circufrom left to right is the 180°, 90°,
5.625°, 11.25 22.5 and 45° phase shift TLOn the bottomis the control bus

connected to pads for easy solderirglded to théous are a poterdi pull down
resistor if wanted

10



3.4 Attenuator
The attenuator t&the function within the TRM to perform tapering of the antenna beam
forming and attenuate the signdlhe attenuator iglaced after the phase shifter in the common
signal path of th&x andTx. The chipselectedvereHMC624afrom AnalogDevices. The chip
has a 3bdB max attenuation with resolution of 0.5dB controllable using 6 bitkis is
enoughfor us tohave the 1dB resolution for 0 to 10dB attenuation.

The attenuator insertion lossat its highest.35 dB, this is a low insertion lgsnd insertion

loss in this part of the circuit is not critical since the attenuator is located in the low power part
of the TRM. The insertion loss can be seeRigure3.4 below. The simulated insertion loss is
simulated by the help of the manufacturgsa®ameters. liTable3.3 you can observe the

different attenuation levels from 1 dB up to 10 dB for the transmitter and receiver frequency.

Table 3.3 The ideal attenuation compared with the simulated one using S
parameters for the frequencies 1030MHz and 1090MHe. simulated attenuation
in is reference to the insertion loss of 1.35dB.

Ideal attenuation Simulated [1030] Simulated [1090
MHZz] MHz]
1dB 1.02 1.02
2dB 2.02 2.02
3dB 3.04 3.04
4 dB 4.00 4.00
5dB 5.01 5.01
6 dB 6.02 6.02
7 dB 7.03 7.03
8 dB 7.94 7.94
9dB 8.96 8.96
10 dB 9.97 9.97
135 T T T T
1.345 |
o 134r
E 1.335 |
2 it
1.325 |
1.32 : : : : '
1 1.02 1.04 1.06 1.08 1.1 1.12
Frequency [GHz] x10°

Figure 3.4 The insertiorloss for the attenuator when zeatienuation iset.

The test circuit for the attenuator can be sedignre3.5. Different combination of bits can be
set by appling positive voltage to the 6 pads connected to top part of the IC circuit.

11



RF c:utl

Figure 3.5 The layout oftie attenuator. RF in and outliscatedat the bottom of the
circuit. On top of the circuit are padsr setting the bits and bias voltage. The pad
farthest to the left is the bit to skl attenuation or to be controlled by the parallel
bits.

3.5 Power amplifier
The power amplifier is essentialreach the power levels needadhis project The
specification for the project states a minimum of 700 wateathantennaelementWe
selected two 700W amplifiers from NXP called AFV10700 as our amplibeascommodate
losses and not reaching full power of the amplifi€étss gave us plenty of margas these two
would be able to deliver 1400W theory This amplifieris intended for use in IFF systems and
second surveillance radamaking them ideal for this proje&achamplifier is constructed by
two identical 350W amplifiers in the same cdpsumorking in a class ARonfiguration This
gives the user the ability to dritlee amplifiers in different configurations. A commavay is to
drive them ina 180° phase difference giving a push pull configuraseen in many data sheets
for other ampliers from NXP. For AFV1070Q includedin the data sheet, &matching
network for driving the amplifier in phase, resulting in a small and compact dedigired

3.5.1 Matchingof PA
Included in the data shearetwo different evaluation boards, one dinig the two internal
amplifiers in phase for 1030MHz to 1090MHz and one driving it in ajpudihconfiguration
for 1030MHz narrow band.

Due to troubles stabilizing the amplifier design driving them in phase, a test was done,
switching to a pusipull configuration intended for another amplifier by NXP, the
MMRF1317H, which uses a balun for the 180° phase shift between the two amplifiers. The
reason for selecting another amplif@mpushpull matching network instead of the intended
one is the intendedne uses coaxial cables in the laymutealise the balurmaking it hard to
realizeand manufacturélhe Balunused for the MMRF1317ldIso has-garameterandis
therdore easy to simulate.

Using a balun at the output combining the signals helpsthétleven harmonics. This is due to

the balunis phase shifting the signal n*180°, where n is the harmomier Thiscombinedthe
even harmonic 180° out of phase from each otlesulting in destructive interferend&0] [9]

12



The layout was done with MMRF1318Hnatching network imind. There are included
recommended source and load matching impedance for the AFV10700, but when tried, the
results were modest, and the circuit became hard to stabilize. To get a gootheesirityuit
wasoptimized for a stable circuit, high output powadatable gain for large range of power,
making it more linear. Simulations were tried with changing the capacitor connecting the
outputs of the amplifierseen inFigure3.6. This was done to see if this value can be tuned for a
stable circuit, whichworked

3.5.2 Layout
Due to the matching primarily was done using SMD components, the iapamatgsto
becomeguitecompact, minimizing the Tk s | andilge $phcds largely occupied by the
baluns Due to these havingnampedance of 12.54phm, they are part of the matching
impedance up to 50 Ohm.Iét of space islso taken up by thelectrolyticcapacitorsas well,
needed at the drain. These have a diameter of 13mm each and are put in tivecliatbel
would take up as little horizontal space as poss#iglen irFigure3.6. This is due tdhe final
design being constructed of two power amplifigng, desigrwill be mirrored and added in
parallel This adds up in width and the design coming close to thedim®20mm

In order to minimize coupling from the output to inpesulting in possible instabilitgue to
increased &, seen irEquation2, groundplanes are added around the amplifidre slot for the
capsulealso acts asolationbetween the input and outpigolating it further This slot was
extended to thaeighbouringamplifier, alsoleaving a gap between them for the antenna contact
to go though. Minimize the coupling between the amplifievas done witta strip ofgrounded

line located between them. This can be seetop of the layout ifFigure3.6 as well as in the
middle of the double amplifier iRigure3.7. To minimize the even harmonics, a stub to ground
atthe outputvas made possible to be tuned for a quarter wavelength, reflecting the harmonics.
Via holes on either side are fgrounding tapéocated over the Tldecreasing the length of the
stub in tuning.

Figure 3.6 The layout of a single PA. Input on the left and output on the right hand
side. On ether end of the TL for input and output are the baluns represented as two
large red blocksin the centre isa large pink cut out for the amplifiahip, in red,

to make contact with ground.
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Figure 3.7 The layoutof two amplifiersas seen inFigure 3.6, connected using a
hybrid and a high power terminating resistor for the isolated port on each side

3.5.3 PA performance

The PA, due to havingnontlinear model, compression points and large signal gain can be
simulated using ADS. Of interest are the power output and gain of the double amplifier
configuration.To compare the simulations with the test circuit, simulation of the single
amplifier isincluded, seen ifigure3.8.

60 : . ; ; | . —— 24

Pout [dBm]
Gain [dB]

*  57.5dBm Output @35.4 dBm Input
— — — - Linear gain \

Pout
e Gain

40 I I I L | I I L 20
20 22 24 26 28 30 32 34 36 38

Pin [dBm]

Figure 3.8 Large signal gain and output powesf a single PA at frequency
1030MHz. Onthe left is the power output from the amplifier, plotted in blue, and the
linear gain in black lines isextrapolated from the two lowestutput powers.
Representeds ablue sta is the B compression point. On the right hand side axis
is the large signadain together with the gaiplotted with adotted line in red.
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Stability Factor K
(&

1k 4
‘ % K=1.009 @1420MHz

0 | | | I | I | | |
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Frequency [GHz]
Figure 3.9 Stability factorfor a single PAplotted over a small frequency span for
the critical area. Represented as a star is the lowest point Wefe009 at
1420MHz

For the power output, the double amplifiers are of interest as well as the linearity of the gain.
Seen inFigure3.10the gain drops off early, but do not go under 1dB until 60.6dBm of output
power, equal to 1143W.

65 T T T T T T T 24

Pout [dBm]
Gain [dB]

*  60.6 dBm Output @38.9 dBm Input
— — — - Linear gain
Pout
————— Gain
45 1 I 1 I 1 I 1 20
24 26 28 30 32 34 36 38 40
Pin [dBm]

Figure 3.10 Large signal gainand output power of double PA at frequency
1030MHz. On the left is the power output from the amplifier, plotted in blue, and the
linear gain in black lines isexrapolated from the two lowest output powers
Represented as a blue star is the 1dB compreggion. On the right hand side axis

is the large signal gain together with the gain plotted with a dotted line in red.
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3.6 Driver
For reachinghe42dBm neededn the simulationgor the power amplifiethe NPT1004 from
Macom was selectddr its high outptipower of 48Bm. This meant that we could drive the
amplifier in a relaxed manner or add a 3dB attenuator after it for added st&loitithe
simulationsthechip lacked a proper data sheet for the frequencies under 2.5GHz but did
provide plots down t800MHz, ensuring us the gain and 1dB compression point was sufficient
for our purposes. Themarameters provided to us by Macom on request stated that the amplifier
would be suitable for ugnfortunatelythe large signal parameters were not completheas
parameters for the capsule were not populated due to being lost. The design had to be done on
suggested source and | oad i mpedance found in
condition[21] [11].

3.6.1 Matchingdriver
The amplifiers data sheet did not include a test circuit, meaning that we had to design our own
matching circuit. We used a simgtepin TL width and a capacitor to ground, making it easy
to tune the device by changing the position of the capamitits value

Matching the amplifiesvasdone by looking at the impedances for source and load at the stated
900 and 1500MHz impedances in the srottrtand by tuning the width and length of the
transmission lines arttie value and position t¢ifie capacitos. The final matching impedances
canbe seen ifrigure3.11 andFigure3.12.

Source impedance

freq (1.020GHz to 1.100GHz)
Figure 3.11 Source impedance of the driver network with the recommended
impedance for Low=900MHz and High=1500MHz.
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Load impedance

{ Carrier \
'

L35
o2
= /

S(1,1)

//

freq (1.020GHz to 1.100GHz)
Figure 3.12 Load impedance of the driver network with the recommended
impedance for Low=900MHz and High=1500MHz.

The drain and gate bias transmission lereselected to be a quarter wavelength to the

decoupling capacitor in order to reduce the leakage and interference of the voltage source on the
matchingfor the driver Stabilizing was done with a resistor on the source side, coupled to

ground. The layout of the test circuit can be sedfignre3.13

Figure 3.13 Layout of the driver. In each end, coupled to ground there are two
capacitors used for matching and a resistor closest to the gate for stabilizing the
circuit. On top of the figurare ground, bias and drainoltage supplyads.

3.6.2 Driver performance
Due to the matchingeingdone with consideration of the optimal load and source, the
performance using small signal simulations with tpasameterare somewhat off as these
changes with poweasutput This does not give a fair representationhefamplifier designand
the performance is hard to evaluates mentioned, the design was done so stability can be
achieved simply by increasing the resistor at the gate. This meant that if the amplifrer diffe
from the sparameters, the resistor can be tuned to reach stability. The simulated stability can be
seen inFigure3.14.

17



Stability Factor K

[ % K=1.017 @885MHz] |

0 | | | I | I | | |
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Frequency [GHz]
Figure 3.14 Stability factorof the driverover a small frequency span for the critical
area. Represented as a star is the lowest point Wiexd.017 at 885MHz

Due to the matching was done using the optimal load and source, the simulatedigcatter
parameters sand $; are poo. This also affects the gain as lots of power get reflected at the
ports, resulting in lower gain than the 22dB stated in the data sheet. The simulated &

can be seen iRigure3.15and the small signal gainf$can be found ifrigure3.16.
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Figure 3.15 S;; and S for the drivercircuit. In blue full line is & and in red lines
are $». Represented as a blue star and a red circle are the valuesifan® $; at
1030MHz respectively.
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Figure 3.16 The small signal gain ¢ with a marker at 1030MHz reading a gain of
18.2dB.

3.7 Preamplifier
The simulated driver nesdround 24dBm input in order to dedivenough power to the PA,
and BdBm inorder to go into compressioihe MMG3006NT1 from NXPwas selected due to
its price in comparison to gain aitd frequency spais well suited for the projectt has al dB
compression point &3dBmoutputpowerand a gain of 17.5dB. Thgain meant thave will
be low under the desired 10dBm inplaisiredrom SAAB.

3.7.1 Matchingpre-amplifier

Matching was done using the suggested layout provided in the datasheet. Due to being a
different substrate, a 14 mil thick FR408, hand tummn@DS was done in order to reach good
matching and gaiwith theRogers 4350BubstrateThe capacitors used in matching were
tuned as well as the width and length of the transmission Wresverall desire to keep it small
and compacivasof interest as welBecause the biasingsesa resistor of 100 ohm and the
drain has an inductor in serias a RF block, the transmissiimescould be kept under quarter
wavelength and made compadiile not depending on the voltage sourais layout can be
seen inFigure3.17
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RF out

Figure 3.17 Layout of thepre-amplifier with RF in on the left and RF out on the
right hand side In eachend, coupled to ground, there are focapacitors used for
tuning the circuit On top of the figure we hawe TL going to the biasing of the
amplifier.

3.7.2 Simulated pe-amplifier performance
The matching of the amplifier gave a low reflection for a slighitjher frequency. This
difference is neglected as the components have a low accuracy in value that will shiftiit some
the realcircuit. These simulation results of the scattering parameters can be &égur@8.18.
The simulated gain resulted in aagat the transmitting frequency of 1030MHz, yielding a high
gain for the intended bandwidth and frequency, seéiigure3.19.

-20 [

25

S11 and S22 [dB]

=30

% S,,=-23.7dB @1030MHz
-35 O  S,,=-23.4dB @1030MHz | |
s
40 F 11
- s22
45 | | ‘ [ [
0.9 0.95 1 1.05 1.1 1.15 1.2

Frequency [GHz]
Figure 3.18 S;1 and $; for the preamplifier. In blue full line is § and in red lines
are $.. Represented as a blue star and a red circle arevtiees for & and $»
respectivelyat 1030MHz.
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Figure 3.19 The small signal gain ¢ with a marker at 1030MHz reading a gain of
18.9dB.

3.8 Filter

The IFF regulationset by NATOhave criteria to follow regarding the harmonic powers in
perspective to the carrier, tleesan be found ifiable3.5 [2]. The simulated PA harmonics can
give us estimates of the performance needed by the filter, s&ableB.4. The difficult part is
suppressing the modes with a prime multgdehe even harmonics are supressed bigahms
and stubs at the PAn simulations of the amplifier, we found that the 11th harmonic and up
already had such a high dBc so natural loss in the system and added reflection from filter at
higher frequencies are assumed to be enough to reach the IFF standard. This ledteesdhe f
only filter out the harmonics of tr8, 5" 7"and 9" order. As for the 8 order being already
low and amultiple ofthe 3¢ order, filter characteristics will filter this one out to some extent
meant it coulde left out in the optimizatioT he electromagneti¢EM) simulation and
optimizations tooln ADS were used for this

Table 3.4 Harmonics from two power amplifiers coupled via hybridsing s
parametes. The input power and harmonics are stated in @BohdBc,and carrier
power is stated in wattsin bold/colour are the worst case that are to be
compensated fdy the filter in ader to reach the specifications

Input dBm| 2 3 4t 5t 70 g 11" | Carier[W]
30 78,23| 58,53| 129,98| 97,31| 124,14| 161,25| 187,3 184,72
31 77,33| 56,4 | 127,16| 93,44 | 118,07| 153,32| 178,03| 230,46
32 76,46| 54,19| 124,43| 89,74 | 111,71| 145,72| 168,69| 286,72
33 75,65| 51,92| 121,88 86,37 | 105,14| 138,68| 159,35| 355,44
34 74,89 49,71| 119,71| 83,61| 98,83 | 132,38| 150,44| 438,64
35 74,08| 47,82| 118,38| 82,06| 93,66 | 126,99| 142,1 538,34
36 72,92| 46,73| 118,25| 83,81 | 91,62 | 123,92| 142,42| 656,16
37 71,18| 46,74| 118,1 | 90,73| 93,21 | 128,18| 133,24 791,97
38 69,07| 47,35| 115,04 74,13 | 81,24 | 123,87| 123,34| 941,86
39 67,34| 48,16| 113,06| 67,58 71,36 | 97,57 | 110,84| 1078,97
40 66,97| 50,41| 115,13| 67,16 67,89 | 91,89 | 101,24| 1152,01
41 67,09| 49,15| 110,57| 70,31| 66,87 | 91,55 | 97,54 | 1191,66
42 67,26| 45,94| 107,96| 74,87| 67 92,16 | 98,59 | 1220,04
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These numbers are however only for the PA. The circulatoistt@be used as the output switch
tendsto generate harmonics with high power throughpg}. By lookingat the data ifable3.4 we

can calculate the filter needed in order to reach the specifications. The filtering needed is stated in
Table3.5.

Table 3.5 Restriction regarding the power difference between carrier and its
harmonicsand the filtering needed to reach th¢2ag.

Harmonic| Suppression Filter needed

2 60 dBc 0dB

3 80 dBc 34.06dB
4 100 dBc 0dB

5 100 dBc 34.84dB
7 100 dBc 33.13dB
9 100 dBc 8.76 dB
11 100 dBc 2.46 dB

As forthe design it is hard teliminatespecific frequenciewith notch filtersdue to uncertainty of the
dielectric constanin the substratf23]. This made us do three differedesigns for different dielectric
constants3.66, 3.76, 3.80 amduring measuremeietermine which onkad the best performance

and if some changesgereto be implemented. In the optimization three double stubs were set up and
connecting them is 5@ TL, seen irFigure3.20.

RFin | RF out

Figure 3.20 The filter layout for =3.66. The filters for =3.76 and- =3.80 looks
very similar to this one. The signal path is from left to right or the other way around
due to being reciprocalFrom the left stub to the most right haaddside stub it
measures 40.6mm. Theight measures 32.7mm.

Thecriteriain the optimizatiorwere lowlossatthe carrier frequency and high reflection in the
harmonics with a general high frequency suppredsigive the filter a low pass characteristic. This is
meant to add sonedditionalfiltering to the even harmonics as well as the higher ordendracs if

they would be stronger than simulated. The filter &ibssimulated, showing a large mismatch
between the modeised for optimizatiomnd theEM simulated one. The notches Hagkn shifted in
frequency, noeliminatingthe harmonicsThe differencen frequencywas measured and compensated
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for in the optimization leaving a filter with the desired characteristics ikkhsimulation.The final
EM simulatedscattering parameters can be sedfignire3.21,Figure3.22,Figure3.23.
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Figure 3.21 Filter with - =3.66 with the attenuation on thegxis The markers are
at the carrier 1030 MHz and i, 5, 7" and 9" harmonic.
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Figure 3.22 Filter with - =3.76 with the attenuation on thegxis The markers are
at the carrier 1030 MHz and i&9, 5t 7t and 9" harmonic.
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Figure 3.23 Filter with - =3.80 with the attenuation on thegxis The markers are
at the carrier 1030 MHz and i&¢, 5, 7" and 9" harmonic.

Saving these as2p files enables us to simulate them together with the amptifiddS. In the
final design the filteis to be placedfter the circulatoto supress its potential harmonics as
well, so the simulations are not an accurate representation of the layout to be used. The s
parameters for the hybrids connecting the PA’s are only populated up to §l@dadds
uncertainty as AB extrapolates thegarametersip to the 11 harmonic. Thesimulationsseen
in Figure3.24 areusing the filter with- = 3.76.
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Figure 3.24 Harmonics from twamplifiersin parallel without filter inred lines and
with filter in blue solid line X-axis isinput power into the hybrich dBm and yaxis
is power out from the hybrid connecting the amplifiers or out ftbafilter. Bottom
right plot states the output power from the system in watts.
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3.9 Limiter

The limiter consists of twPIN diodes, inductor, D®locking capacitors and a quarter
wavelength transmission line. The diddeated at RF out Figure3.25is called thecleanup
diode and athe name states limits the sigtiaht goeshrough the coarse diod€he clearup

diode switches faster than the coarse diode which means that it will start to reflect the signal
first. The coarse diode is meant to reflect most of the incoming largal,digimis slower to

open due to the thickedayer. The cleatup diodewill generata standingvavewhen it star

to reflectand therefoe generatea higher potential if done right at the coadsmde, opening it
faster To get the maximum standing wave at the coarse digdarter wave transmission line

is neededetween the diodes.

b
RFin ﬂ

EE "RF out

Figure 3.25 The layout for the limiter. Seen from the left there are a dc block
realised with a capacitor, theoarsePIN diode, quarter wavelength Ttleanup
PIN diode, an inductor in parallel and finally a DC blocking capacitor.

The length was ENimulated to get the best performancie result of th&M simulation can
be seen ifrigure3.27. The insertion loss for the limiter when not actfi@v power)can be
seen inFigure3.26. This valuewvasoptimized with help of the two D®locking capacitors and
the inductor.
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Figure 3.26 The insertion losef thelimiter with a small input signal. As seen the
insertion loss is low fothe Rx frequencyf 1090MHz
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Figure 3.27 The EM simulated phase shift of the quarter wave transmission line
between the cleanp diode and the coarse diode. The transmission line is exactly a
quarter wave long for the Rx frequermyl090MHz

3.10 Isolation Switch
The LNA has a limiter in front of it, ptecting it from high powers that can potentially destroy
it. If the systenis transmitting, tha the circulatodirecting the signal to the antenna are leaking
some power to the isolated ptotthe LNA In contribution ¢ this, if the antenna tzadly
mached, the reflections from it are beinigettedback to the circulataand into the LNA port.
These two signals, if phase matched will aypand enter the limiter. The circulator MAFR
000613000001 used in this projeahd hasan isolation of 18dB. Teimeans that the leaked
power isaround 42 dBnif the PA is outputting 60dBnT he limiter will let some initial power
through due to the PIN diodes ha a delay This spike can potentiglidestroy the LNA and
therefoe more protection is needed.

The switch is intended to isolate the LNA and direct the incomavger down into a load,
leaving little reflection coming back to the Ridugh the circulatorin transmgsion mode, the
switch will terminate the signal to 50 Oheifectively making the etulator an isolatofor
signals from thantenndo thePA. The problem is added loss from the switch in receiving
mode results in added noise in front of the LNA

The switch selected is SkyworkKY12215478LF for its high power handlingf 760W pulsé
power and fast switchingme of 250nsIf the antenna is connected, the switch will be able to
handle the leaked power from the circulator.

In the data sheet &slayout of a test circuit, but &ss very large and unpracticdle tonot
connect leadwith the same voltagmgether a redesign was madanda more compact and
easily steerable circuitas producedAll the componemtvaluerecommendation were used in
the designbut added a resistor for the common voltage supply and a terminatingrriesisto
one port of the switchlhe layout can be seenkigure3.28.
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|
RF out

Figure 3.28 Isolation switch terminating the signal coming from the left down into a
resistor (large and red 50 Ohm under the switch na®i€d 12215 478LF). If open,
the signal will exit in the TL to the upper right hand side corner. The pads are for
switching it on and off, biasing it and a ground pad.

3.10.1solations switch performance
The interesting datarethe Insertion loss to see the lbgsse that the switch generates in Rx
modeand the isolatiomnd reflectiorto calculate the power that the LNA receive3inmode
andthe power terminated by the resistbhis was simulated using ADS and the schematic

representation of the layout seéarfFigure3.28. Both insertion loss and isolation can be seen in
Figure3.29.
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Figure 3.29 In the top graph the insertion loss is plotted as seen frorgitbelator
through the switch. This switch is attenuating the sign&llGB at the Rx frequency
of 1090MHz. In the bottom graph the switch is set to direct the inguidlsnto a
load instead for going to the LNAt Tx frequencyof 1030MHzit has an isolation of
27.2dB.
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When the switch is set to terminate to a 50 Ohm load, we allghe power to reach the load.
This can be measured witln8om the antenna. [berfectly terminated to 50 Ohamd no

leakage to the LNAthe reflection should be zero. The simulated reflection for the schematic
representation of the layout ligure3.28 using sparameters for the terminating resistor can be
seen inFigure3.30.
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From Antenna [dB]

= -10.5

S

S11 Transmit

% S,y1." 9.1dB @1030MHz

1 1.02 1.04 1.06 1.08 1.1 1.12
Frequency [GHz]

Figure 3.30 The plotis of S; as seen from theirculator. The switch is set to
transmission mode and shows that the switch terminates the signal in a load and
results in little reflections that can come back to the circulator. At the transmitting
frequency of 1030MHz,Ss -9.1dB.

3.11 LNA

The specificationstatea noise figure of 1dB for odrequeng butis not a specification that are
of high importance according to SAAB.is difficult to keep the noise down duettee
components in front of theENA as itneeds the aciulator, as well as the limiter, filter and
isolation switch to protect.itt is however of interest to design a good LNA to keep the noise
down, despite there being components in front with greaerimplication

The chip used for the LNA are Miu@ircuits PMA2-33LN+. The datasheet states a noise figure
of 0.38dBm for our fregencies and a gain around 18dBie datssheethasa resistor Rb that
after theu s ededirecan control the current draw of the devise in exchangdisadvantages

in otherareas For this project, the power consumptiemot amajorconcernso the resistor is
set fairly lowin favour of performance rather thafficiency.

3.11.1Matching LNA
This amplifier has good matie to 50 Ohm on the input assurintpa noise,as®
T . p 8 gThis meant that using the existing recommended test circuit with just a DC
blockand 50 Ohm Tlis goodenoughfor matching and keeping the circuit simpldée IC was
unconditionallystableso no stabilizatioms needed

Using the test circuit dggnthe noise was good, but thgut and output reflectionsere not
acceptable. Adding an open stub to the outpptovedthe matching on both the input and
output while the noise was hardly affected in the simulatibnsfinal layout can be seen in
Figure3.31
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RF in . | | RF out
z EE = & W : i

Figure 3.31 The LNA circuit using the PMA23LN+ from MINFCircuits. On the
left is the RF in and on the right hand sidéhe RF out. Fronthe top is the voltage
supply, splitting the signal to the left fthe gateand straight down for drain. In
biasing the gateesistor 58 Rb=4.02kOhmcontrolling the current draw.

3.11.2.NA performance

With the suggested matching cirguite LNA manage to geta broad band match for both
input and output, seen Figure3.32.
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Figure 3.32 S;1 and S for the LNA. In blue full line is;$and in red lines are 5
Represented as a blue star and a red circle are the valuesifoan8 S at
1030MHzrespectively. §is-11.2dB and & is -28.5dBat 1090MHz

The gain plot shown in the data shisdtighly dependent on the frequency at the lower spectra,
dropping off as the frequency increases. This can be seen in our simulations as well, presented
in Figure3.33.
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Figure 3.33 The small signal gain ¢9 with a marker at 1090MHz reading a gain of

17.6dB.

The noise figure was simulated and found to be lower than theresented in the data sheet
were they display a n&e figure of around 0.35dB. This coulddee to our simulations not
being physicdy accurateThe noise figure simulation plot can be seeRigure3.34.
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Figure 3.34 Noise figurefor the LNA. Represented as a star is the noise figure of
0.247dB at 1090MHz.
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4. Test circuit neasurementsand adjustments
4.1 Phase shifter

4.1.1 Own design

Thephase shifter wamitially solderedusing the oven and later some ICs wexehanged

using a hot plate and hot gun. The mldivnresistors were not populated in this measurement.
The pads were marked with theltagesfor 0° phase shiftTo activate a switch, the poles are
switched. Ablad ground wire vasadded to the ground plane, all seefrigure4.1.

Figure 4.1 An image of the phase shifter using switches and different length of
transmission linesThe cables are connecteddachswitch and were connected to
appropriatevoltagelevel tophase shift.

The measurements were done udRahde & Schwarz ZVA24nddoaumentingthe phase
shift and loss for 1030MHz arid90MHz was doneThereference phase shift of &ere
subtracted from each bit measured to get the differenglease shiftTheresults canbe seen in
Table4.1.

Table 4.1 Measuredphase shifiand lossfor each bit in the phase shiftand all
shifters enabled for a 354.37phase shift.

Ideal Phase Measureghasdlifference and loss

Shift 1030 MHz 1090 MHz

0° 0° -4.06dB 0° -4.11dB
5.625° 7.32 -4.2031B 7.4 -4.246dB
11.25° 13.19 -4.256dB 13.6° -4.295dB
22.5° 25° -4.287dB 26.19 -4.335dB
45° 45.41 -4.23dB 48.05 -4.248dB
90° 93.85 -4.242dB 99.27 -4.201dB
180° 190.7 -4.428dB 200.92¢ | -4.47dB
354375 36714° -5.046dB 388.2F | -4.92dB
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4.1.2 IC Phase shifter
The IC phase shifter were soldered using the soldering oven and thercabigsdafterwards
for easy conneath to 5V, ground and for connecting the bits.the measurements
thephase shitr, loss for 1030MHz and 1090MHar everyindividual bit, 0° and allbits
activatedwere made

Figure 4.2 The bought phasehBter with ground,voltagesupply and control bits
connected to wires.

Same as for our own designed phase shifter, the bqalgdde shiftewas measured usirige
Rohde & Schwarz ZVA24#etwork analyse Thephase shifts were established by subtracting
thereference of O off each bitTheresult can be seen irable4.2.

Table 4.2 Measuredphase shiftand lossfor each lit in the phase shifteand all
shifters enabled for a 354.37phase shift.

Ideal Phase Measureghasdlifference and loss
Shift 1030 MHz 1090 MHz
0° (Ref) 38.81° 4.06dB 55.78 3.8dB
5.625° 7.994 3.91dB 1.74° 3.74dB
11.25° 13.29 4.05dB 12.93 3.79dB
22.5° 26.44¢ 3.863dB 25.4r 3.792dB
45° 49.79 3.732dB 48.92 3.648dB
90° 95.23 3.604dB 94.02 3.655dB
180° 166.49 5.39dB 172.32 | 4.55dB
354375 353.24 5.03dB 355 4.53dB
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4.2 Attenuator
The attenuatoHMC6243 wassoldered using the oven and afterwards wires were conrtected
easilyconnect theoltages.The LE pin andvoltagesourcepin werebothset to 5 volts.

u;ﬁ,mm LN
2

Figure 4.3 The attenuatorwith ground, voltage suppl LE and bits to set the
attenuations, all connected vares.

In the measurement tlits were set to measure the specified attenuation span and resolution

for 1030MHz and 1090MHZDue to the IC having a resolution of 0.5dB and the specification
askedfor 1dB resolution, the 0.5dBagused to minimise the error. Thisaaonly necessary for

the 8, 9 and 10dB attenuation as these were low enough for the additional 0.5dB to minimise the
error. The results can be seemable4.3.

Table4.3 The measured attenuatiofihe 8, 9 and 10dB attenuatare compensated
using the 0.5dB resolution in the IC fiess difference to thiatended attenuation.

Ideal attenuation Measured1030 | Measured1090
MHZz] MHz]

0dB (ref) 1.613dB 1.612dB
1dB 1.012dB 1.017dB
2dB 1.992dB 1.998dB
3dB 3.001dB 3.005dB
4 dB 3.774dB 3.791dB
5dB 4.869dB 4.875dB
6 dB 5.876dB 5.88dB
7dB 6.866dB 6.875dB
8dB 8.218dB 8.225dB
9dB 9.225dB 9.23dB
10dB 10.215dB 10.217dB
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4.3 Power Amplifier

4.3.1 Tuning testing and troubleshooting
All the surface mounted parts were damthe oven except for the transistord electrolytic
capacitorsTo makesure theamplifier wasacting as simulated we ubthe same techqueas
for the driver and connected the coaxial caller the transistor ports order to measure the
reflectionusing a VNA, se€hapter4.4. Wethenset up asimulaion of the same setup in ADS
with a50ohm loaderminationon the input and outputneasuring theeflection from the
transistor po” These redts were thercompared with th NA measurments,and from this
tuningwasmade taachievethe same reflection in the real amplifier as the simulated e
results of this were an apparent problem in the calibration asfteetion wasoutside of the
smith chartln addition to this, wha shorting the port with a wire close to the soldered coaxial
cable, the result asas well outside of the smitthart and several degrees of the impedance
point.

Proceeding toader the transistaandvoltagecablesto the amplifier and connecting the gate
and drain voltages. For the amplifier not to getw@rm, the gate voltage aspulsedonly

when the RF signal ason the irput, minimizing the average drain curremhe deaipling
capacibrsonthe gatewvastoo large for the pulse to be switched on and off éstugh This
was solved by removing all the capsceptthe smallest valued on the rdlihis enables the
pulse to have fastenoughrise aml fall time for turning the transistor on éoff.

Whendriving the gatepeak voltage up folan average of 100mA on the draine simulated
voltage of 4.5V vasnot possibldo achievedue to the current g extremely highThe
simulationswerethenredonewith a more realistic gate voltage of ¥.6nd found the amplifier
to bevery stable antbsingsome power. After some succeggh tuning thecomponent values
the simulatedpower were able to reach a heal8B0W. This meantthatwith some hand tuning
of the amplifier the powerspecification would easily be reached and a tdsmly a couple of
tens of watts would be madhy changng the voltageaccording to the simulations

4.3.2 Measuring androubleshooting
When first turning the amplifier on, tiELdBwasonly around 20W but wit a reasonable gain
After some tuningP1dBonly increased to 40WChecking theurrentsin each cable to the two
drains, there were some off balance in th€his suggestshat the two transistors in the single
amplifier casewere not working in symbiosi§he current seemed to become negative on one
side as the RF signal entered émaplifiers.This indicated that ether one side of the amplifier
wasnot preforming as wellsthe other or that the capacitor banks werevenonthe both
sides After changing the transistor to a new one the reswdtge unchangedindicating the
capacitoravere at fault for this

The fact that the gainasthere but not thpower indicates the matching on the output must be
off. If the input would béadly matched the power would halecreaseds it reaches the

input, but a higher input power would have compensated for this to some degvethaand

lower gain still reached a high output powEnereforejt is most probable machingerror at

the output that is esingthelacking power.

34



4.3.3 Trying different tuning techiques
Desdderingthetransistomwere then done in order to test a newing strategy. The planfe
measurehe reflection from the input and outpato the matching @rcuit without the amplifier
attachedThis reflecton canthen becompare to the simulatiorof the same set ypnd from
theretune the matching componemtsgive the circuit the same global reflection as the
simulationsWhentrying this thegainincreasedip by a small amount but not nehe results
expected.

Finally trying the same tuning techmieof measuring the reflectidinom theinput and output
but with thetransistor mounted and no voltages on the gate and deiswithed off Doing
the same in the simulations, setting the voltagestteeieflections were off by a quarter turn
anti clockwise in the smith chart on the outfidice tunedo have the same reflection as the
simulation the amplifier vasup several hundred watts

A very effectiveway of tuning wasto have giece of foilencapsulatetly kaptontape to
preventing shoimg the circuit vihen used This piece wvaslater held aroundpots on the board
while driving the amplifierto sedf the poweiincreasedn compressionWhen a good spot ag
found, measurementseretaken on the reflection in the VNWith the amplifier turned off.
These measurements were fat@tchedising components at the point. Doing this, the
capacitance between thransistors wasremoved and a small capacitangere added closest to
the gateCapacitance asadded on top of both baluts ground and on the output of the balun
on theamplifierinput to groundThestub on the output astuned looking at the" harmonic

in hard comprssion and with foil placing it at the best posittorminimize the power at that
frequency.The final design can be seenFigure4.4.

Figure 4.4 The finished tunedimgle PA with wires connected to thetgaand
drains Visible on the baluns ar@ining capssolderedon top of them.

When sufficient power was reached for the sirgi®lifier, another one wgzroduceddenticalto
that. Theywerethenconnected usinglentical hybrids and ridged cablessiilar paredlength seen
in Figure4.4 andFigure4.5.

35



Figure 4.5 Two PA connected with hybrids on the input and output. Separate
voltage supplies showed if the amplifieresrevequal. The large metal plate is for
cooling the amplifiers and thecopper plates are for chiming the PCB to
accommodate the drop down transistor. Thpperfoil under the transistors are for
establishing a welgrounded connection of the transistor ahé PCB.

4.3.4 Measurements

Figure 4.6 The s-e-tup used during measurements. The clamps are clamping down on
bars going across the grounded baluns to keep the PCB grounded topher
cheats.

The measurementgere doneausing atwo-channelsignal generatgoroducinga pulsedsquare
wave One sighalvassupplying thegate voltageother signalcontrolling the RF signals length
and timing. The pulse was placed at the end of the longer géseng the gate. This due to
the capacity of the gate line discussed.B. The RF control pulse was connected to a fast
switch connected between tRE& geneator andRF amplifiershapinghe RFto ashort pulse
with fastrise and fall time.The pulse was then amplified again using our driver before
measuring th@owerin front ofthe hybrid using @irectional couplerThe output power was
thenputthroughattenuators anihto the power metei he full setup for both thgingle and
double amplifier is seen figure4.7 andFigure4.8.
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Peak power meter

Driver L PA

Agilent E4436B Milmega A50820-8R _
Circulator Circulator Peak power meter
ZSYWA-2-50PR | | 0dB  -30d8
@ = @)
Directional coupler
50 ohm 50 ohm

Figure 4.7 The measurement setup for a single PA stage when performing a peak
power measurement.

Peak power meter
Power Amplifier

N Pre-Amp Driver Hybrid Hybrid
i Mil AS50820-8R
Agilent E44368 limega Circulator [ > ] Peak power meter
-10dB  -30dB

ZSYWA-2-50PR
> > E
Directional coupler

Power Amplifier

Figure 4.8 The measurement setup for a double PA stage when performing a peak
power measurement.

Ideally the rise and faltime of the pulsed signatiould be around 5t 100nsand 50 to 200ns
asthe specificationdemandgl] [3]. This was hard tachievedue to itsdemandn a very
specificfilter or a slover switch, neitherof which wereavailable Theinputsignal can be seen

in yellow togethemwith the output in blue ifrigure4.9. Therise timeof the poweispecified on

the power meters were 55ns for the input and 50ns for the output. This means that thet pulse
into the amplifielis probably steeper than displayedHigure4.9. To keep in mind is the rise

and fall time of thdFF systenis of the voltage and the measurements seéigire4.9 are of

the power

BOONTON 4480A Pulse Chan 2 » Select

22.78 ml  |Width 232.8 ns 185.08 ml CH 2
4?%.1 ns dth 223.0 ns 48.0 ns
393 ns DutyC --.-- % 32.1 ns Chamme]

10 67>MK1 21.04 AYG MK?2
. mld . mld

22.49 qnu 0ff On
Vert Scale

20 ml/Div

Vert Offset

.82 Div

Calibration
MEMU

A : Extensions
-10 ns 30 ns/Div
CH 2 Temp Drift MENU
Plotting to Disk

Figure 4.9 Displayed in yellow is the envelope of the input signal and blue is output
from thedouble PAat 1dB compression point. Tée signalsdo not include the
attenuations on the output nor the loss in teeoupling of the input signdh the
top left and rightcornersare rise and faltime displayedrom 10%- 90% of the

power.
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The power measurement wasne using the peakaluefor theinput and outputlisplayed on

the power meter in watesndusing averaigg. The power output from the driver with the
directional coupleafterit, provided just enough power to put the PA into compression before
itself going intohardcompression.Due tothis thegain does not drop extensiveind a 1.3@B
gain loss $just reached ithis measurement he efficiency wassimultaneouslyegistered for
both amplifiersides.The power and gain can be seerfigure4.10 whereP1dBof 60.35dBm

or 1084W was reachetlhe efficiencyand power are displayed kigure4.11, where the
efficiency of A (top amplifier irFigure4.5) is slightly lower than that oB.
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Figure 4.10 Large signalgain and output powefor the double PAstagesat
frequency 108MHz. On the left is power output from the amplgjqriotted in blue,
and linear gain in black lines is extrapolated from tpmintslocated a linear part
of theoutputpower line Representk as a blue star is the 1dB compression point.

On the righthand side axis is the large signal gain together with the gain plotted
with ared dotted line.
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Figure 4.11 Large signal gain and output powdor the double PA stageat
frequency 108MHz. On the left is the power output from the amplfiptotted in
blue. Represented as a blue star is the 1dB compression point. On thhamght
side axis is thefficiency of the amplifiers A andiotted inpercent

The efficiency could be improved by switching the gate on and off usil@@FETIlocated
afterthe capacites in the gate lineThis would enable the gate pulse to become smaller,

eliminatingdrain currentvhen noRFis applied decreasing thaverage current drawhile
sustaining the same power output
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4.4 Driver

The Driver was constructed usiagcoaxial cable solderashto one of the pads on the input and
output of thematching netwdtc while the input and output of the driveereterminated usig
500hm loadThis enables the VNA to be connecteldere the chip would bdgcedand from
theremeasure the reflection and compare it tosdhggested one in the data shéée

calibration was done usingl&OL then connecting the open coaxibh acconmodatefor the
extra length andplit end,offsets wereput in the VNA, placing theeflection at the opeeand of
the smith chartThe setup of the coaxial cable mounted on the output can be daguora

4.12.

-----

\ A

Ll
Figure 4.12 The setup used to tune the driver. Tomund of the coaxial is
connected to the larggroundplane and theentreline connects to aingle pad on
the drain/gate pad.

After doing themeasurement of the reflectiahe tuning capacitor on the output was moved
close to the output of the drain. The resisteese measured t® ohms combinednd this
resulted in a stabamplifier. The decouplingcapacitoravereplaced wheré¢he tuning sad it
would be good and thepolingpadground under th&ansistowassoldered to the via holes
connecting it to the ground plane. The final design can be séggure4.13and the
measurement setup cha seen ifrigure4.14 where a clapvasused for good heat transfer to
thebrasblock The measurement setup is displayed as eklgiagram seen irFigure4.15

Figure 4.13 The finished driver circuit. On the gate to groutwab 17.5 resistors
were used for handling the higlurrent going throughiFromtop left is ground, gate
and drain voltage pads.
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Figure 4.14 The measurement setup used. The brass pdta cooling and the
clamp at the bottonof the picture are clamping on the transistor making a good
heat transfefrom the grouneplane to the brass.

Peak power meter

Agilent E44368 Milmega A50820-8R Driver
Circulator Circulator Peak power meter
ZSYWA-2-50PR | = | =\ e -woe
| OOr—= | ) WA WA ]
Directional coupler
R3
50 ohm 50 ohm

Figure 4.15 The measurement setup for the driver when performing a peak power
measurement.

The rise time and fall timareseen inFigure4.16 andareproduced with the same setupfais
the PA in4.3.4 As for the PA, theise and falitime that is close to what the instruments can
measure and therefothevalues displayedn the measuremeateunreliable.
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308 ns

=

|

Set Urt Cntr

CENTER

Extensions

50 ns/Div
MEMU

Figure 4.16 Displayed in yellow is the envelope of the input signal and blue is
output from the driver aP1dB. These signaldo not include the attenuations on the
output nor the los®f the decoupling of the input signal. In the top left and right
cornersare rise and faltime displayed from 10%90% of the power.
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When measuring power delivered, the ppalver reading was uséu combination with some
small averagingo get a stable readinghis resulted in a P1d&f 45dBm or31.6Wseen in
Figure4.17.
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Figure 4.17 Large signal gain and output power for tldriver at frequency
1030MHz. On the left is power output from the amplifier, plotted in blue, and the
linear gain in blak lines is extrapolated frorthe linear part of the outpytower
line. Represented as a blue star is the 1dB compression point. Oighidrand
side axis is the large signal gain together with the gain plotted with a dotted line in
red.

Same as the PA, the gain increases thi¢ipowerup to 28dBm input power and frothat it
tapersoff to 30dBmto then droping off. When measuring the drain currghdropped as the
power increased and therefdhe efficiency increaseap to 12% The efficiencyalueis
however not of interest due tioe gate always being ongsulting ina horrible efficiency. In the
future the gate is also to be pulsesdme as for the PA

Pre-amplifier
The meaurements started off with a low gain and a slightly higher power outpubata
frequency Looking at the recommended circuits for the-aneép moving the matching
capacitors closer to the IC matches for a higher frequency and ntbesgjurther away
matches for lower frequencieBased on the highgain for alower frequency we moved the
cgpacitorscloser to the ICThismade it a bit better itermsof gain and power outpufter
trying with a bit of foil and a stick, applying capacitance to the TL laying the foil flat on the
PCB, capacitiveconnecting it to the grourttiroughthe dieletric materia) the amplifier burned
up and we had to manufacture a new one.

We later preformed the measurement on this layout. But when preforming the full amplifier
chain,we found the lacking power from the gaenp not sufficient for the project and the
amplificationwvasn ot | i near up to the compression of

Using the knowledggainedfrom matching the PA, we measured the output of thepme in
the VNA and by applying a capacitor close to the DC blocking capacitor we ntttoageve
close to tle same point in the smith diagram as for tiietape. This however did not improve
the performancand only with the tape foil on the outpligh power is achieved.gtore
individual measurement could be done in the amphfignout beingin the amplifer chainin
Figure4.8, the tapectircuit burned up for theourthtime. A decision to abandon the gaenp as
made despite having the potential to deliver the poWez.reason being ianvery hot and had
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a tendacy to beak whenswitched of and back on again, something not desired for SAAB as
reliability over several years in high temperatures is a requireffeatcircuit used in
measurements of the RAan be seen iRigure4.18.

Figure 4.18 Pre-amplifier usedfor the final measurement in the full amplifier chain
with the foil added on the output. The red cable is for a compower supply for
gate and drain and the black cabifor ground.

One measurement wasrformedwithout the tape on the outpamd therehe P1dB wasat
28.4dBmwith a gain of14.8dB. This can be seenkigure4.19 where the large signghin and
power outpuareplotted.
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Figure 4.19 Large signal gain and output powésr the preamp before tape foil
was added at frequency 030 MHz On the left is the power output from the
amplifier, plotted in blue, and the linear gain in black lines is extrapolated from two
pointslocated at the linear part of theutputpower line Represented as a blue star
is the 1dBcompression point. On the rightand side axis is the large signal gain
together with the gain plotted with a dotted line in red.
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The Measurementserecarried out using a constant power delivered to the amplifide w
pulsing the RF at a rate &% duty cycle same as the driver. Due to the dageng switched on
even witloutthe RF applied, the efficiency asbelow 0.4% as it draws a continuous 860mA at
5V. The setup used in the measurement can be sé&éguire4.20.

Peak power meter

Agilent E44368 Milmega A50820-8R Pre-Amp
Circulator Circulator Peak power meter
ZSYWA-2-50PR | PN | PN -20 4B
- | O—=! | O
Directional coupler
s
50 ohm 50 ohm

Figure 4.20 The measurement setup for the-prap when performing a peak power
measurement.

4.6 Filter

Figure 4.21 The filter without connectorsFrom top to bottom is the filters for

- =3.66, 3.76 and 3.80The lighter green partsire inconsistencyn the protectve
coating.

The measurements done on the filters vpendormedusing aT SOL calibration to account for
the cables. This is due to the high frequency span needed for measuring the filter was not
compatiblewith our calibrationaccounting for the connectors. The disadvantage of this is the
loss of the connectorsincluded n the measurements of the filter, hence the large loss. The
measured performance can be sedfignre4.22Figure4.23, Figure4.24. A measurement was
dore on the carrier frequency, whettge calibration kit accounting ffahe connecters could be
usedseen inFigure4.25.
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Filter 3.66 Measured
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Figure 4.22 The measured filter with =3.66 with the attenu#on on the yaxis The
markers are at the carrier 1030MHz and &8, 51, 7" and 9" harmonic.

Filter 3.76 Measured
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Figure 4.23 The measured filter with =3.76 with the attenuation on theaxis The
markers are at the carrier 1030MHz and 8, 5, 7" and 9" harmonic.
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Filter 3.80 Measured
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Figure 4.24 The measured filter with =3.80 with the attenuation on theaxis The
markers are at the carrier 1030MHz aitd 39, 5, 7" and 9" harmonic.

The simulation using =3.80is the one with best performance in filtering out the harmonics.
As thenotches are shifted down in frequenagh higherr . Ideally, a filter with an even higher
dielectric constant should have been constructed seeing the réhets.doing measurement
on the 1030MHz and 1090MHz frequendiis filteris right at 1030MHz as designed, seen for
R =3.80 inFigure4.25.

Filter 3.80 Measured

-0.2

-0.35

% S,=-0.172dB
O  8,,=-0.2dB

.0.45 I | I | I | I
0.8 0.85 0.9 0.95 1 1.05 11 1.15 1.2

Frequency [GHz]
Figure 4.25 The measured filter with =3.80 with the attenuation on theaxis The
markers are at the carrier 1030MHand 1090MHz represented as a star and a
circle respectively The attenuation reeds 0.172dB for 1030MHz and 0.2dB for
1090MHz.
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4.7 Limiter
The limiterwasconstructedn the lab with two PIN diodeGLA4608
085LFandCLA4609-086LF as cleaip diode andoarse diodenlFigure4.26 you can see the
two diodes, the inductor to ground for dc currents and the two capacitors to minimize insertion
loss.All of thecomponents wersoldered using an ovelfihe measured insertion loss for the
limiter was measured with a VNA to 0.34 dB for bdthandRx. The plot for this can be seen
in Figure4.27.

Figure 4.26 The limiterwith the twodiodesin the middle connected with quarter
wavelength offL. On tke input, the inductor going to a via holeonnecting it to
the groundplane.
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w

I 1 |
1 1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09 1.1
Frequency [GHz]

Figure 4.27 The insertion losgvhensmall signals are applied to the limitdt.reads
around 0.34dB loss for tHED90MHz.

Measurement withigh powersignal can be observed in thiggure4.28. The spike leakage

before the limitestarts to fully eflect is at its highest 21 dBm. The limiter limits the power to
below 20 dBm from 32 dBm to 43 dBofi input power The spikdeakage can be observed in
Figure4.29from the peak power meter measurement. Furthermore, a measurement when the
limiter is in full limiting mode can be seen kigure4.30.
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Large signal measurement of Limiter for 1090 MHz
T T T T T T

22 T
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Figure 4.28 The large signhoutput power for the limiter up to 44 dBm of input
power.The spikerisible at 30dBm input powetorrespongto Figure 4.29.

BOONTON 4480A Pulse Chan 1 > Select

Peak 901.6 uld [Width 239.9 ns |Peak 138.7 uld CH 1
Fall 60.0 ns |Width 264.7 ns |Fall BL7 ns
Rise 49.7 ns Duty C  --.-- % [Rise 11.4 ns

SMK1 AVG MK?2

472.1 uld 849-2 U

Channel

897.4 w Off On
Vert Scale

Vert Offset
0.00 Div
Calibration
MENU
Extensions

50 ns/Div
MENU

Figure 4.29 The inputpulse in yellow and the output pulse from the limiter in blue.
The spike leakage seen before the limiters di@de fully open and reflecting the
power.Whenthe circuitstarts to limit the wave idowered at the enfirst, moving
forward and limiting mae of the pulsas the input power increases.
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BOONTON 4480A Pulse Mark > Window

Peak 3.548 mld  [Width 235.7 ns |Peak 83.18 uld Bottom

Fall 96.1 ns  [Width 266.3 ns |Fall 82.5 ns o

Rise 43.5 ns Duty C --- % Rise 26,0 ns ——
MK1 AVG >MK?2

3.516 3.475 f 33730 e

Delta Time

145 ns

IIIIIHHIHEIIII
Set Wrt Cntr

CENTER

. Extensions

30 ns/Div 5..@@ ns
MENU

Figure 4.30 The input pulse in yellow and the output pulse from the limiter in blue.
Whenthe limiter is in full limiting mode and both diodesréflecting the power
away from the receiver circuit of the TRM.

4.8 Isolation switch
The Isolation switchwas soldered using the oven and the cabk®egonnected afterwards.
The measurementgerecarried out using the VNAThe isolations switch can be seerrigure
4.31 and the measured isolation a@ndertion lossareplotted inFigure4.32. The circuit was
driven by applying ¥ to antenna and 28V/0@r 0V/28V at Rx /Tx to open and close the
switch.Due to the circulatatransferringhe reflected poweo the PA the reflectioris of
interest as wellseen irFigure4.33. The reflection alsgivesan indication of how well
terminated theignal is in the 5@hm load.

Figure 4.31 To the left islhe antenna port that are connected to the circulator in our
design To the left is the LNA port connected to the limifre red cable is for
biasing the antenna port with continuous 5 volts. Rivand Tx/ Rxbias are shiftd
between 0 and 28v for ogag and closng the switch.The GND is a common
ground.
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Figure 4.32In the top graph the insertion loss is plotted as seen fromitbelator
throughthe switch. This switch is attenuating the sign866B at the Rx frequency
of 1090MHz. In the bottom grapthe switch is set to direct the input signal into a
load insteadbf going to the LNAAt Tx frequencyof 1030MHzit has an isolation of
28.1dB.
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Figure 4.33 The plot is of § as seen from theirculator. The switch is set to
transmission mode and shows that the switch terminates the sign&Dohan load
resuling in little reflections thatcomesback to the circulator. At the transmitting
frequency 61030MHz, S is-26.7dB

4.9 LNA

TheLNA was soldered using the oven and the cabre@onnected afterwards. The
measurements were carried out using the \&WA a noise spectrum metiio tuningwas
performedand tte design can be seenkigure4.34. The measurement of its noise is highly
sensitive to disturbance, thésee encapsulang it wasaneffort to shield it from the
environment. This setup s&en inFigure4.35.
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Figure 4.34 The LNA with the ifnput on the righthand sideand output of the left
hand side.The red cablds for a common power supply for both gate and drain
voltage. The tapen the positive voltage pas to prevent it from shorting out in the
container.

e
Figure 4.35 On left is the opeshieldingcontainerwith the LAN inside. Connected
to the left is the noise generating input signal for the noise measuranmctah the
left is a SMA connected to the instrumertieright imageis the sealed container
usingfoil tape. An additional groundable was connected to the mounting holes on
the containergrounding it further.

In the VNA the measurements for gain and reflections were takenreflections for the LA
can be seen iRigure4.36 and the gain is displayed igure4.37 where againof 16.4dB was
reached for the frequency 1090MHz.
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Figure 4.36 S;1 and S for the LNA. In blue full line is;$and in red lines are 5
Represented as a blue star and a red circle are the valuesifoan8 S at
1030MHzrespectively. §is-27.2Band $2is-11.5dB.
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Figure 4.37 The small signal gain ¢ with a marker at 1090MHz reading a gain of
16.4dB.

The noise measurement was conducted usgilgnt N8975Anoisefigure meterand
subtracting the lossf 0.035dBfor the input contact from the noitevel. The noise level is
plotted inFigure4.38. The measuremeimtreconducted using an average of 20 passes to
minimize system nois@®ue to this measurement being so sensitiv@ntaminating signal can
be seen at 1030MH#-F interrogaor frequency)s introduced from a unknown source
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Figure 4.38 Noise figure for the LNA. Represented as a star is the noise figure of

0.4481B at 1090MHzPresent in the plot is a peak at 1030MHz fromeatternal
unknownsignalsource
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5. Design of antenna

Two types of elements were evaluated forahenna in the desigtage a notch element and a
dipole elementThe first setup of the antersyaas of a infinite arrayof identical elements.

This makes it simpler toptimize for several séeing andessince only one unit cell of the array
needs to be modelled and analysdtk infinite array antenna asoptimized for the three
steering angles 0°, 30° and 60° The optimization goals fadhesethree angels were the
reflection coefficient of thénfinite array antennausingHFSSoptimization tool To give a

more accurate design and simulations of the array the next step was to design a finite array
antenna design with 15 elements.

The 15elementantennavasdivided irto two sectionsaccording tahis patenf24]. The main
antenna consisted of 10 elements and the control antennaedsid elements hetwo
antennas were separated by a ground plane and a dummy elexaplatoed at the far end of

the antenna beside the main antefids helps with the reflection of the last active element.
The optimization was once again perfornbetithis time on the finite aryaBoth type elements
are fed at the bottom of the elemeitich givesa convenient feed and allowar fall-metal
elementg25]. The optimeation was performed for the 10 element main antenna when excited
with uniform amplitude.

When satisfied with the optimization the key measwaets were extracted from HFSS i.e. the
electrical field and the-Barameters for the finite array antenna. Tamadvere imported to
MATLAB to get the result for the embedded elemfeaim the electrical fieldand the active
reflection coefficient from the-Barameters. The advantage of udit@yTLAB for this is that
the steering angle can be easily changedATLA B to simulatethe active reflection
coefficient and the embedded element pattern with different steering angles.

5.1 Dipole

Thedipole antenna used in the simulations in HES&erin Figure5.1
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Figure 5.1 the dipole antennaiith its 15 elements. On the left is the control antenna
and on the most right hand side is the paseiegnent. The remaining 10 elements
are the main antenna used in the simulations below.

5.1.1 S active

The measure of return loss i.e. the scatter paramgtisr &valid parametewhen designindor

a single antenna. However, wheesigningan array antenn# will experience coupling

between all the elementBhe active reflection coefficient has to be ukadan accurate

evaluationof the reflection for each elemenliscussed in Chapt@r4.2 Simulations of this
parametewasconducted for the main antenna on the antenna aperture i.e. the 10 elements seen
in Figureb5.2Figure5.3Figure5.4 Figure5.5.
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Active S-parameters for 1030 MHz
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Figure 5.2 T The active $arameters for the main antenna with 10 active antenna
elementsThe steering angle for the linear array is set@t Here t is clear the
outer most elements have the lowest reflection and then every other elemens inward
has a higiow reflection same as for the Notch
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Figure 5.3 The active $arameters for the main antenna with 10 active antenna
elementsThesteering angle for the linear array is set t0°30
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Figure 5.4 The active $arameters for the main antennathwilO active antenna
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Figure 5.5 The active $arameters for the main antenna with 10 active antenna

Active S-parameters for 1030 MHz

Port 2
Port 3 =
-1 Port 4
Port 5
42 L | == —Porté
—— —Port7
—— —-Port8
-13F | ———-Port9
—— —-Port 10
14 | | | I 1 | 1
1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09 1.1

Frequency [GHz]

elementsThe steering angle for thenkar array is set to 60
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5.1.2 Main antenna radiationpattern

Themain antenna radiation pattémboth Hplane and Eplane can be seen in the figures
below with different steps in steering angle for the array. The data was extracted from the
program HFSS and then importedM&TLAB to modulate different steering angles for the
array.Uniform ampliude excitation has been used.

H-plane for 1030 MHz
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Figure 5.6 Thenormalizedmain antenna radiatiopattern for a steering angle of 0
° for the array. The c@olar radiation pattern for the Hand Eplane is the blue
line andthe corresponding crogsolar radiation pattern is the dashed red line in
the figure.
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Figure 5.7 Thenormalizedembedded element pattern for a steering angle of 30 ° for
the array. The cgolar radiation pattern for the Hand Eplane is the blue line and
the corresponding crogsolar radiation pattern is the dashed red line in the figure.
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H-plane for 1030 MHz
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Figure 5.8 Thenormalizedembedded element pattern for a stegr@amgle of 45 ° for
the array. The cgolar radiation pattern for the Hand Eplane is the blue line and
the corresponding crogsolar radiation pattern is the dashed red line in the figure.
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Figure 5.9 Thenormalizedmain antenna radiatiopattern for a steering angle of 60
° for the array. The cpolar radiation pattern for the Hand Eplane is the blue
line and the corresponding creg®lar radiation pattern is the dashed red line in
the figure.
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5.2 Notch
The 15 elements notch antenna is visiblEigure5.10. This antenna, different from the dipole,
have not had its control antenna separateavever, this will not increase its performance in
the simulations but increase it as it is closer to the infinite antenna, used for optimization.

Figure 5.10 The 15 element notch antenmaifferent from thedipole antenna, this
antenna had not had its control antenna separated from the main antenna. This
however will noincrease its performance during the simulations.

5.2.1 S active
This result is measured in the sawey as is described in Chapted.1

Active S-parameters for 1030 MHz
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Figure 5.11 The active $arameters for the main antenna with 10 active antenna
elementsThe steering angle for the linear array is setdt Here t is clear the
outer most elements Wathe lowest reflection anthen every other element inward
has a higillow reflection.
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Figure 512 The actve Sparameters for the main antenna with 10 active antenna
elementsThesteering angle for the linear array is set t0°30
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Figure 5.13 The active $arameters for the main
elements The steering angle for the linear array is set t¢.45
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Active S-parameters for 1030 MHz
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Figure 5.14 The active $arameters for the main antenna with 10 active antenna
elementsThe steering angle for the linear array is set t§.60

5.2.2 Main antenna radiationpattern
These results are measuredhia same way as is described vapter5.1.2
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Figure 5.15 Thenormalizedmain antenna radiatiopattern for a steering angle of 0
° for the array. The c@olar radiation pattern for the Hand Eplane is the blue
line and the corresponding creg®lar radiation pattern is the dashed red line in
the figure.
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Figure 5.16 Thenormalizedmain antenna radiatiopattern for a steering angle of
30 ° for the array. The epolar radiation pattern for the Hand Eplane is the blue
line and the corresponding creg®lar radiation pattern is the dashed reithd in
the figure.
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Figure 5.18 Thenormalizedmain antenna radiatiopattern for a steering angle of
60 ° for the array. The epolar radiationpattern for the Hand Eplane is the blue

line and the corresponding creg®lar radiation pattern is the dashed red line in
the figure.
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6. Calculatedperformance
6.1 TRM

Figure 6.1 A view of every test circuit that would be a part of the future ;T&the

input you have the phase shifter and then at the lower part of the picture you can
observe thdRx chain. Furthermore, you have tfie chain at the upper part of the
picture and Iatly the circulator and the filter at the output.

To evaluatehe performance of thiell desig,, measurementgerecarried out on the full
amplifier chainconsisting of preamp driver and two parallel PA, connected with the hybrids.
The harmonics and pers weraeadusing a spectrum analyser and the plelses useth
previous tests. The filtavaslateradded on top of this dube equipment not having the
dynamic range toneasure 100dBeecessaly. The phase shifterswitchesand attenuatowere
alsolater added to thealculations to get the full systgmerformanceThe receiver sidés
constructedising the individual measurements and adding them togetkteacting gain and
noise.

6.1.1 Output powerfrom Tx
The measuremesf the full chain vereperformedthe samavay asthe other amplifiersusing
IFF pulses and pulsing the PA. The output powasaaptured using a spectrum analyser
taking the max value over a few averages.

The data displayed iRigure6.2 are thdarge signal and gain measuremevitere a strange
bumpin gainis present and tweequential drops in powarevisible, one eaier and one later
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Figure 6.2 Large signal gain and output powésr the full amplifier chainwithout
tuning the preamp On the left is the power output from tbieain, plotted in blue,

and the linear gain in blek lines is extrapolated frotie linearpart of theoutput
power line Represented as a blue starasighlythe 1dB compression point. On the
right-hand side axis is the large signal gain together with the gain plotted with a
dotted line in red.

This is due to the pramp, as measurements irapker4.5shows, lavinga P1dBat 13.6dBm
input. After thegain drops ofhesecondimeis due to the PA hitting compressidrhe lacking
in power from the pranp was fixed using pieceof foil raped in kapton tapand probing
around. Thigevelleda spot at the output of the paenp where a larggieceof foil tapewas
addedseen inFigure4.18. This resulted inimprovemenbof both gain and compression point.
The measurements were done ageesulting in a greater gain and Pldigplayed irFigure
6.3 and the waveform in compressionFigure6.4 Figure6.5.
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Figure 6.3 Large signal gain and output powé&sr the full amplifier chain witha
tuned pre-amp On the leftaxisis the power output from thehain, plotted inblue,

and the linear gain in blek lines is extrapolated froite linear part of theoutput
power line Represented as a blue star is the 1dB compression point. On the right
hand side axis is the large signal gain together with the gain plotted with @ddott
line in red.
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Figure 6.4 P1dB(60.26dBm or 1062Wvhere the input pulse is presented as yellow
and the output islisplayedin blue.These signals do not include the attenuations on
the output nor the loss in the decoupling of the input signal. In the top left and right
corners are rise and falime displayed from 10%90% of the power.

BOOMTOM 4400R Pulse Chan 2 » Extensions > Display
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Figure 6.5 last measured pofrwith an output power of 60.54dBm d132Wwhere
the input pulse is presented as yellow and the output is displayed in blue. These
signals do not include the attenuations on the output nor the loss in the decoupling
of theinput signal. In the top left and right corners are rise and-fiatle displayed

from 10%- 90% of the power.

In front of theamplifier chain are the phase shifterSPDF switclandthe attenuatorA
decisionwas made to use the phase shifter designed using TL. This isiteiptiase shift for
180 is better and has a more even loss and lower maxTlbeghase shiftdrasa loss from
4.06dBto 5.046dBand the attenuator sa minimumloss of1.6131B. The $DF switchhad no
measurements preformed on it but the data sheet states atigssaif0.5dB Using these
valuesresults ina loss of aroun@.173to 7.159dBfor min and max loss in the phase shifter.

At the end of the chain atke circulator and th&lter. The circulator did nodrrivein time and

therefoe no measurements were possilfler the following calculationsneassumed insertion
loss of 0.3dBs used stated in the datashe&he filterlocated after the circulator hadoss of
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0.172@ atTx frequency.

All thesegives a finapower and gain plah Figure6.6 representingnow the system should
behave assuming the passive components behave larehusing thenaximumloss for the
phase shifter

620 1 o4 739

60 -

58 - 138

137

3
c
S50t ‘©
=1 O
(s}
o 50 136
48
46 b *  59.79 dBm Output @23.34 dBm Input Y435
e R e Linear gain A
44 + Pout
---------- Gain
7 S s S S
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Pin [dBm]

Figure 6.6 Large signal gain and output powésr the full Tx chain with a tuned
pre-amp (with tape) On the left is the power outpirom the filter plotted in blue,
and the linear gain in blek lines is extrapolated frorthe start of thecurve
Represented as a blue star is the 1dB compression point. On théaigthiside axis
is the large signal gain together with the gain plotted with a dottedrined.

Toreach P1dBthe TRM would need23.34dBm of input powelo deliver953W, assuming the
worst phase shifh thedata sheets.

6.1.2 Harmonics

When preforming harmonic measurements with a spectrum analyselisth&igk of the
instrument itself creating harmonics from your carrier frequency. Teidvsd by havingan
adaptivefilter in the spectrum analyser. This only takes in the frequency band that you select
and therefagit can eliminate the carrier froenteringthe instument,not creating additional
harmonics in the frequency you are measurlifige measurements irable6.1 andTable6.2

were preformed using a spectrum analyser afthdaptivefilter active betweer2.9 and

6.5GHz This means that tH&'¥ harmonic measurement has these additional harmonics added
to them, however, it ibard toknow howprofound they are.

The harmonic measurements were preformed in two steps, one wigliltigenot tape tuned
preamp inTable6.1 and one with the tape tad good preforming pramp inTable6.2.
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Table 6.1 The harmonics and output powewrithout the filterand circulaor. The
amplifier chain consists ahedriver and the double PA stage.

Input[dBm] | 2"[dBc] | 3“[dBc] | 5"[dBc] | Carrier[w]
18.10 -80.10 282.00
18.85 -73.28 355.39
19.91 -72.23 -74.83 442.40
20.81 -71.96 -72.39 524.17
21.35 -69.99 -71.95 573.44
21.87 -68.89 -69.99 -76.46 625.86
22.35 -67.39 -67.16 -75.62 674.08
22.91 -65.63 -64.40 -74.20 660.45
23.58 -63.90 -61.50 -71.47 702.38
23.96 -62.09 -58.36 -70.49 733.83
24.48 -60.84 -55.61 -68.41 778.91
24.97 -58.12 -53.56 -61.86 830.28
25.53 -57.93 -52.70 -59.33 892.13
25.99 -58.05 -52.31 -58.45 950.84
26.45 -58.09 -52.02 -57.32 996.97
26.96 -58.26 -52.03 -56.99 1036.80
27.48 -58.23 -52.00 -56.63 1070.35
27.99 -58.15 -51.91 -56.21 1092.36

Table 6.2 The harmonics and output power with the filter attaclaed without

circulator. The chain consists tiedriver and the double PA stage ends.

Input dBm | 2"[dBc] | 3“[dBc] | 5" [dBc] | Carrier[W]
18.10 -87.25 271.05
18.85 -80.43 341.59
19.91 -79.38 -121.46 425.22
20.81 -79.12 -119.02 503.81
21.35 -77.15 -118.58 551.17
21.87 -76.05 -116.62 -119.49 601.55
22.35 -714.54 -113.79 -118.65 647.90
22.91 -72.78 -111.03 -117.23 634.81
23.58 -71.05 -108.12 -114.49 675.11
23.96 -69.24 -104.98 -113.51 705.34
24.48 -68.00 -102.24 -111.44 748.67
24.97 -65.27 -100.19 -104.89 798.04
25.53 -65.09 -99.33 -102.36 857.49
25.99 -65.20 -98.94 -101.48 913.92
26.45 -65.24 -08.64 -100.34 958.25
26.96 -65.41 -98.65 -100.01 996.54
27.48 -65.38 -98.62 -99.65 1028.79
27.99 -65.30 -98.54 -99.24 1049.95
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Later svitchingto a differentspectrum analyser with an adaptive fikdiminaiedthe possibility
for the analysers own harmonics being presenbahdmeasurd theamplifiers. In the new
spectrum analysethe frequency bandwidth limits it to th&*2nd 3 harmonicsThe roise

floor wasalsolarger and theneasuredharmonicdower. These changesade the measurement
difficult and only a small set of data poimtere taken.This measurementagonly preformed
usingthetunedpre-amp Asthe preampbrokefor the 4" time afterwardsmeasurementssing
ananalyser with wider frequency sparergnot possibleAs seen ifTable6.3, the filter fulfils
the criteria of the of 60dBc in"2harmonics and 80dBc at*®iarmonic with60.11dBc at

1021W outputand86.99dR: at 1068W oytut respectively

Table6.3 The output powerand harmonicsof the full amplifier chairwith the tape
foil on the preamp using the filterand no circulator Marked inred is the 1dB
compression poin

Input dBm | 2" [dBc] | 3“[dBc] | Carrier[W]
9.53 -101.05 242.84
10.54 -99.20 316.50
11.63 -97.47 423.20
12.69 -95.75 569.31
13.80 -902.89 740.10
14.73 -91.68 887.72
15.25 -89.93 940.12
15.81 -61.97 -89.15 987.47
16.19 -60.11 -88.29 1020.73
16.71 -60.23 -87.41 1049.95
17.27 -60.31 -86.99 1068.09
17.77 -60.36 -87.03 1080.18
18.27 -60.39 -87.07 1088.24

6.1.3 Rxperformance
TheRx chain consistfirstly of the filter, then the circulator arast the LM\. For the
calculationsonly a single LM amplifieris used instead of two in parallelst®own in the
block diagramin Figure3.1. Thiswill make the noise lower as the noise power from the
amplifier will be half of that from twand the hybridilsointroduces loss in front of the
amplifiers

Calculatingthe noise from the system, the loss of the circulator was taken from the data sheet
and is 0.3dB.Thefilter hasa loss 0f0.2dBin the Rx frequency The switch has a loss of3BdB

and the limiter B4dB.Adding all of thisresults in a noise figuref 'O =1.648IB assuming
aT="Y =Y =Y ="Y =290Kand using the equations below
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6.2 Antenna

The resulfor the antenna array in terms of Actinaflection coefficient anchain antenna
radiationpatterns will be presented in tBapters.2.1and6.2.2 In Table6.4 the side lobe
levelsarecompared to the main beam of the anteiméhe tablds a cleardecremenof the

difference of power between the main lobe and thedidgt lobeas an increased steering angle
in applied.

Table6.4 The side lobes presented for the 4 different steering angles usiactite

elements
Side lobegdBc] Theta H]
-13 0
-12.3 30
-11.7 45
-10.3 60

6.2.1 Active reflection coefficient

A measurement was done ontakk scattering parameters for all the 15 elements using a two
port VNA at SAABs antenna facilibh15. Duringthis measurement the antennasdirected
into absorbing material to simulate a free space environrsean irFigure6.7 .

ARAEEELERR

S = WS “q ' AAAARAAAAAN
Figure 6.7 The setup for measurirggparametes. The antenna is suspended in mid

air using ropesOn the image to the righthe coaxial cables are connected to port 2
and 15.
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In MATLAB these measurements wéaierimported andheactive reflection coefficierfor
the main antennige. the 10 elementwjasplotted for 0°30°,45° and 60%teeringangle These
plots are seen in the Figuregure6.8 to Figure6.11 below.
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Figure 6.8 The active $arametersfor the main antenna with 10 active antenna
elements The steering angle for the linear array igtsto 0. Same as for the
simulated antenndhe outer most elements have the lowest reflection and then every
other element inwahas a higiow reflection.
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Figure 6.9 The active $arameters for themain antenna with 10 active antenna
elementsThe steering angléor the linear array is set to 30
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Figure 6.10 The active $arameters for the main antenna with
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Figure 6.11 The active $arameters for the main antenna with 10 active antenna
elementsThe steering angldor thelinear array is set to 6Q
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6.2.2 Main antennaradiation pattern
The embedded element pattern of all 15 elements was measure@aabhal5 antenna test

facility. A 11 sweep was performed for both the H angl&nes in steps of 0.5The test
range can be seenkiigure6.12.

Figure 6.12 The dipole antenna array mountegh an arm in the measurement
facility. In thefurther end on the room is a reflector, and tin@nsmittingantenna is
locatedunder the camera dloor level.

The data wrethen importednto MATLAB to superpose to full main antenna radiation pattern
for different steering angles for the array and plot tblel$. Themain antenn§10 elements )
radiation pattern in bothddlane and Eplane can be seen in Figures Figure 6.13 to Figure 6.16
for steering angles 0°, 30°, 45° and 60Re gains of the antenna28.13dB for 0° and 18dB

for 60°.
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Figure 6.13 Themain antenna radiatiopattern for a steering angle of 0 °. The co
polar radiation pattern for the H and Eplane is the blue line and the
corresponding crospolar radiation pattern is the dashed red line in the figure.
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Figure 6.14 Themain antenna radiationpattern for a steering angle of 30 The
co-polar radiation pattern for the Hand Eplane is the blue line and the
corresponding crospolar radiationpatternis the dashed red line in the figure.
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Figure 6.15 Themain antenna radiatiompattern for a steering angle of 45 The
co-polar radiation pattern for the Hand Eplane is the blue line and the
corresponding crospolar radiation pattern is the dashed red line in the figure.
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Figure 6.16 Themain antenna radiatioqattern for a steering angle of 60 °. The
co-polar radiation pattern for the Hand Eplane is the blue line and the
corresponding crospolar radiation pattern is the dashed red line in the figure.
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7. Discussion and future work
7.1 Discussion othallenges in the project

7.1.1 Preamp
The preamplifieris manufacturé by NXP USA Incandbought fromDigi-key. Problem
matching it resulted in a low gain and powhnis amplifieralso ran hofor some reasoand on
oneoccasiorsud d e n | ywork aftgriudning it off and thebackon agan, without moving
it. This chipstoppedvorking and had to be replaced a total of 4 times during the project

A design choice that was explored during the design phastmweplace this amplifier with a
variablegain amplifier and by that, making attenuatofor the Tx chainobsoletéy. One for
our high power howeverasghard to find and a fixdgain amplifier had to be usethe
measurementsaveshown that an additional amplifier stage is needed in the early stage.
variable amplifier cabeused followel with a high power output pramplifier, solvingthe
gain, high power output and eliminating the usercdtéenuator.

7.1.2 PA
The design of the peer amplifier took a considerable time to desgimulateand measure
This was due to the challenges of keeping the PA stable when designing it. It became apparent
that the stabilityv a s théhiggest challengghen manufacturing the circuit in the |dthere
the matching of the PA was a problem and a pow&0aeifatts wasthe first result without
tuning. Firstly, we tried to measure the reflection from the transistor ports with a VNA and
coaxial cable connected to the transistor. The calibration disucoted and strange result from
the VNA made us give up on this id&econdly, some tuning without a proper method yielded
a power of 40 watt, whictvas still a long way from the B8V simulated Lastly, the model for
the transistowas included when meaiethe reflectionsThen the input and output reflections
for the matching networks from simulations were compared to the same reflection from the
circuit with thetransistor included as wellrhe result from this indicated that the matching for
both the input and output were wrogom this result the input and output were tuned to have
the same reflections as the simulated ones. This gave usfacsatigesult andafter additional
tuning,the powerof using twoof thesepower amplifierseached P1dB df084W

7.1.3 Phase shifter
The phase shifter with transmission lines took some time to get fully functional due to some
mis-alignment of one of thBPDT. The switch wasesolderedy hand to get mper connection
to the footprint of the PCB. Two of the SPDT switches broke down durirngaihieleshooting
of the phase shifter, they were replacattl the measurement of thlease shifter could
continue.

This design, however being marginally betteses mag components and takes up a larger area
on the boardin a world where this wouldecomeanactual product, the phase shifier
recommendetb beexchangedgainst a MMIC substitutiort the time of this projeatve only
foundone MMIC chip available to order far0.9 to 1.2GH4requency band. The data was
however a littletoo good tofeel reliableand the company where a small one originated from
India, moved to Singapore and madsame changi a small timeframe. Thiwassomething

we we r dicatédto takeugon, even if we had price offered to us from them.
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7.1.4 LNA

The noise level stated ISAAB was1dB, howeveruponasking this requirementastaken
fromthinairitseemecand t he requir eme edmtobethagrddiow noi se d
looking back at the mast#resisdone back in 200(L9], theyinterpreted itas the noise level

the LNA was to have, not the front end. In ttése Fina= 0.433dBis much lowerthan 1dB

andachieveghe goal

If a lower noise levelor the front end is desired, the filter cb& movedn front of the
circulator, reducing the noise by 0.2dBwn t01.448dB. In order to do this, measurements
needto be done with the circulataio see ifit reducegshe harmonicsvith its limited bandwidth
or amplifies them byoing into compression

For the case of using two LN#&connected in parallét,improves theobustness of the system
andthe power caphility. The LNA is sindy capable of handling7dBm for Sminutesand
14dBm up to 1.5GHand+22dBmup to 3GHzcontinuously. With the limiter, limiting the
signal to21dBm at thegpeakof the pulsea single amplifier should be sufficiefthis is
howevera discussion that needs to be taken wéhple moreexperienced in designing rugged
military equipment.

A total gain of 8dB waachievedn the fronénd. This seems smatind due to more room is
available, a second amplifier after the LNA would be grafle As for the case for the pre
amp, a variablgain amplifier could be appropridiere as wellas the attenuatas removed by
implementing a variable gain amplifier in the Tx ch&ia theTx andRx frequencies are
almost the same, a common chipsauld be useth boththe preamp and the LNA stage.
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7.2 Recommended future works

)l

Forfuture work in terms of filtering could be to design laandpass filter instead of a
notch filter to supress the harmonics generated by the amplifiers in the dinisitvay
you have more control over the desired bandwidth you wasend and receive in.

In this project we only simulated and designed a TRiMure work is to finish the

design of the TRM and send it to be manufactured with the improvementomade
them This would give a more accurate result since you would see the effect that each
different circuit have on each other in the TRM. Furthermore, you can thoroughly test
the switching between thiex andRx branch. The circuits would be integrated together
in the TRM which would lead to more coupling, this coupling could then be teitiga
and tested for in the lalbo efficiently pulse the gate of the PA, driver and-pre

amplifier, minimizing heat and power consumption for the whole systesage of
MOSFETswitches to controthe gatesre to be added

The pulse distortion when amplifying the signal inTixechain should not exceed the
restriction set by the IFF standartt would be of interest to do further measurements
of thiswith proper pulse shapead to do it ora completel RM. This would yield a
more exact result when considerafinal product.

Since the TRM will be a compact desjgrwill generate some heat even if all the gates
in theTx chain are pulsed. Thapplies a cooling system is needed to be engineered
into the system

Further investigation could be done for the receiver in terrialobudget, then it can

be decided if there should be an amplifier after LNA to further amplify the incoming
signal.There could also be an investigation if there should be two LNAs connected via
hybrids to make the LNA stage withstand more power. This would make up a more
redundant receiver circuit.

Thepre-amp needs to be4designed and/or replaced with a variablanganplifier for
conveniencereplacing the variable attenuator.

For future works it could be beneficial to design@ phase shifter for the IFF
frequency band. This would help to minimize space for the TRM and would probably
couldyield lower loss ana@ more accurate phase shift.

The TRM would need a power circuit and a digital circuit to have a fully functional
product. This means that optimization of space wbetthmemoreimportant to keep
the space constraint&irther pushing for a MMIC phaseittbr. This digital partwould
also need tacommunicate withheinterrogator as this decides the power level needed
as for when to transmit and receive signals.

In the measurements of the antenna the active reflection factor had shifted up in
frequency fom the simulated results. This candmtvedby tuning the antenna with the
Teflon pieces between the two arms of the antenna. This could lead to a better active
reflection factor and be closer to the simulated result.
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8. Conclusion

The design ofest circuit for a TRM was done for an IFF system and tested as such. There were
a few key requirements thaeweaimed for in this project. The power requiremeh?00 watt

was set and eesultof 1084Wfor the 1 dB compression poifitom the amplifiersAfter

filtering and isolation, the powetputis 953W. The Phase shifter designeith T L dss

choserfor the TRM,enabling a phase shift of 36t be madeThe LNA has a noise figure of
0.448dB and together with all thHidtering and isolating, a total noise figure b648IB was

realized.

There was a size requirement for the TRM module and whsigninghe TRM withtest

circuit it was concluded that this size requirement could be kept ififaete vasalso room to
extend the size to make room for digital circuits and power circuits. The size requirement was
120x250x50 mm and the length 2B could be extended to 3BMn. A concept layout of a
25k117mm area can be seemPARPENDIX B.

One requirement wageepingthe switching time foall circuits below0 . 5&he circuit that
had the slowest switch time was the isolagwntch SKY12215478LF with aswitch timeof
0.2% stherefoefulfilling the requirement.

One of the main requirements was to assure that the pulse should propagate through the system
with low distortion.This is due to @pecial requirement for the rise and fall time of the pulse in

the IFF standards wdl as the frequency spectrBhe pulse shapie therefoe desired not to be
distortedin the TRM Due to lackingcapabilities of generating the necessary pulse required for

this test, no conclusivesult can be taken is it distortdob much Furthermoe, the result for

the harmonics also indicated that with the filter attached afterintidatorshould fulfil the

requirement of the IFF standard for the harmoagsuming a lovarmonicincrement from the
circulator.

The antenna module chosen for #menna array was the dipole, this resulted in a good return

loss for the arragnd a small antight antennaarray However, it didnét rea
loss for all steering angles siated in theequiremers. The result showed that when the

steerng angle was 60you got an active reflection coefficient of 5 dB for some of the antenna

modules. There is not always necessary to have exactbté&gring angleas the definition are

a3 dB dropin thesteeringangle The report, in definitionsteergherefoe over60°. This means

that the result for the worst antenna module would be below 6 dB instead.

The full systenwould operate with gassive antenna followed with 10 active elements driven
with our designed TRMThe remaining 4 antenna elementsud also beequippedwith the
TRMs constructedn the report. This would give tH) elements ateerabldEIRP of 60.1dBW
with 0° of phase shifand57.97dBW for 60. However, there could be a problem with the
reflections from the antenna, creating standing waves resultitiglectric beak down in some
connectors and compones apeak EIRP of ma®%2.51BW is stated inCAO annex 142],
andis muchlessthanwhatthis systenis capable to producd is deemed sufficient
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APPENDIA

2.2 Antennapertur

2.2.1 Spec

9 Linjar array med 15 element i sida

9 Jordplansstorlek (storlek pa bakomliggande mekanisk struktur) ca 1900 x 460 mm

1 En SMAkontakt pa varje element

1 Elementavstand 120 mm

1 Typ av element TBD (To Be Defined)

1 Max-10 dB return loss vid £60° utstyrning i oandlig array

1 Frekvensband: 1030+10 MHz och 1090+10 MHz eller hela bandet1DZD MHz.

2.2.2 Arbetspaket

1 Konstruktion av ett element med periodiska randvillkor (motsvarande en odndlig array) i sida.
Anvand HFSS.

1 Anvand ovanstdende konstruktion och modellera hela den andliga antennen med en kontakt pa
varje element i HFSS.

1 Berakna Smatrisen och summera aktreflektionsfaktor for olika utstyrningar +60°, +45°,
+30°, 0°

1 Summera ocksé@mbedded element pattefiér alla elementen med olika aperturfordelningar
och utstyrningar.

1 Gortillverkningsunderlag (enkla mekaniska skisser och ev monsterkort) for tilingrkn

{1 Matning pa antennmatstracka

I Utvardering av matdata och jamférelse med HiSBSuleringar



2.3 TRM (TransmitReceiveModule)
2.3.1 Spec
1 Frekvens sandning: 1030£10 MHz

1 Frekvens mottagning: 1090+10 MHz

1 Brusfaktor LNA <1 dB TBC

9 Uteffekt pa antennkontakt: > 700 W peak

1 Fasvridare 6 bitar TBC (gemensam Tx/RX)

1 Dampare 6 bitar inom 10 dB dynamik (gemensam Tx/RX)

T Omkopplingstid fasvridare: < 0.5 e¢s
T Arbetsfaktor: max 2.2% (11W) men under Al =ng
M Storlek: < 250 x 12& 50 mm

M Filter: TBD

1 Fasvridare, dampare och uteffekt skall kunna styras via granssnitt TBD

1 Mottagarskydd

1 Tx/Rx-switch och biasering skall vara styrbar med blockeringssignal (detta ar en
standardiserad signal som finns ut fran alla Interrogatorer)



APPENDIX B

A concept layout of the components without the modifications and improvements
found to be necessary in the testing and measurements. The layout fit in a
250x117mm board and mastslines can be directed down to the cornkr.this
design there are two attenuatorsne at the beginning of the amplifier chain and
one after the two LNAO®S.






