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Abstract

Synthetic aperture radar (SAR) can provide high-resatutioages of extensive areas of
the earth’s surface from a platform operating at long rardgspite adverse weather con-
ditions or darkness. A local consortium was establishedetoahstrate a consolidated
South African SAR ability to demonstrate to the local an@iinational communities, by
generating high quality images with a South African X-bardndnstrator. This disser-
tation forms part of the project. It aims to describe the giesind implementation of the
transmitter and associated frequency distribution uriitf-for the SASAR II, X-band
SAR.

Although the transmitter and FDU are two separate unity, éne ultimately linked. The
transmitter has the task of taking a low-power, basebanty elaveform and, through a
series of mixers, filters and amplifiers, converting it to ghhpower, microwave signal.
The FDU is essentially the heart of the transceiver and pgesvdrive to all the mixer
local oscillator (LO) inputs. It also clocks the DAC and AD@wmh allow the essentially
analogue transceiver to communicate with the digital dirgu

It is found that the chirp signal produced is of satisfactatglity. LO feedthrough, how-
ever, is superimposed at the chirps” centre frequency. Asudtrof previous stages, spu-
rious signals exist at 16 MHz offset from the chirps” centegjfiency and at 9142 MHz.
The system transfer function reveals that 2 dB roll-off isgant at the outer frequencies
of the chirp signal. Group delay in the transmitter filterd amplifiers is held responsible
for this.
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Chapter 1
Introduction

This dissertation describes the design and implementafitime transmitter and associ-
ated frequency distribution unit (FDU) for the SASAR II, Xafd, synthetic aperture radar
(SAR). Various local companies provided the impetus fas grbject to be launched with
the aim of consolidating and developing local SAR knowledge

SAR can provide high-resolution images of extensive aré#iseoearth’s surface from a
platform operating at long ranges, despite adverse weatrelitions or darkness. This
resistance to weather stems from the use of wavelength& afrtter of centimetres. X-
band (3cm), C-band (6cm) and L-band (24cm) are the favouesgiéncy choices [1].

Although the transmitter and FDU are two separate unitg; éne ultimately linked as

can be seen in Figure 1.1. The transmitter has the task efgaklow-power, baseband
waveform and converting it to a high-power, microwave sigide FDU is essentially

the heart of the transceiver and provides drive to all theemical oscillator (LO) inputs.

It also clocks the DAC and ADC which allow the essentially lagae transceiver to
communicate with the digital circuitry.



DAC [—» Transmitter

Radar
Digital Frequency Distribution Unit X
Unit

ADC [«— Receiver j[«——

Figure 1.1: Block diagram showing how the transceiver fat®s with the FDU and
Radar Digital Unit.

The information required for this project has been gathén@u relevant books, the In-
ternet and from discussions with various people in the raddrassociated communities.
Constraints on the project have been excessive red-tape lacé (or delay) of funding.



1.1 Terms of Reference
The following terms of reference were agreed upon by the SR8Aystem engineer:

e The DAC shall output two channels at maximum power of +10 dBwhe Each
baseband channel shall have bandwidth of 50 MHz.

e The system shall have two IF stages at 158 MHz and 1300 MHz &fd stage at
9300 MHz.

e System filtering will comprise of® order Butterworth filters.
e The transmitted peak power level shall be 3.5 kW.

e The system shall have a pulse repetition frequency (PRFkblZ3and pulse length
of 5 us.

e The DAC and ADC shall be clocked at 150 MHz and 210 MHz respefsti The
clock jitter shall not exceed 6 ps.

e The system shall have a set of states and modes for testingatisns.



1.2 Plan of Development

This document is arranged as follows:
Chapter 2: Background Information

The following chapter gives the background to this dissiena It begins by exposing the
reasons for the conception of the SASAR Il project. A briefagdission of SAR theory
is then given. The subject will not be dealt with in great ddtare, as that is not the
purpose of this document. The intention is merely to give ashenstanding of the basic
SAR concepts and insight into why it has become so usefulorticues with a brief

explanation of the entire SASAR Il system. The aim of thigisecis to establish what
role the transmitter and FDU play in the system. The conalgitivo sections of Chapter 2
provide the reader with the basic demands on the transraitteFDU. They introduce the
hardware from a functional standpoint and allow the topfaesign and implementation
to be tackled in the forthcoming chapters.

Chapter 3: Transmitter Design and Implementation

Transmitter Design and Implementation takes the highteyxs&tem of the previous chap-
ter and, with the help of relevant theory, provides a pratticay to implement hardware
to realise it.

It begins with a theoretical discussion of the chirp generaprocess. A simulation is
done to confirm the theory of this process. This is done usisiegview by Elanix

. In essence, the first upconversion stage is outlined byatiédysis. Some mixer and
filter theory then explains their operation and the procesgech contribute to unwanted
signals appearing at the mixer output. Using the specifistéayfrequencies, appropriate
mixers and filters are selected. A system whereby one camtaiscthe validity of each
frequency stage is proposed.

The final transmitter section deals with the issue of poweslte This analysis will ex-
poses the need for amplification and finalises the transrdiggign. The maximum power
carrying capacity of the waveguide used is also established

Chapter 4: Design and Implementation of the Frequency Distibution Unit

As with the previous chapter, we build here from the higheladeas from Chapter 2.

A means of generating the frequencies required from the Fbtasented. As with the
transmitter, power analysis determines what amplificaisorequired and lays out the
FDU design. Unlike the transmitter though, many componehtse FDU are fabricated

rather than merely acquiring complete modules. Theretbiexnry allowing one to un-

derstand the process necessary to generate these modplesested. They are then
fabricated and a final section deals with a means of analye&igperformance.

Chapter 5: Testing

The penultimate chapter deals with testing of the systeme AHBRU is tested first as
it is required in order to test the transmitter in entiretheTiests performed determine
if the requirements on the modules that are generated haare ibet and continue by

4



drawing up a power budget for the FDU. This is followed by aikimpower test on
the transmitter. The final testing evaluates the performaridhe complete system by
analysing the signals that pass through it.

Chapter6: Conclusions and Recommendations

The final chapter concludes and presents recommendatiofsudce work on the subject.



Chapter 2

Background Information

2.1 Project Background

In early 2003, a South African consortium was establishel thie aim of consolidating
and developing the local SAR capability. The main consortmembers are Sunspace
and Kentron. Both companies are interested in making us@\Bf ighagers in their re-
spective products. For this reason, Sunspace launchedAtReT8chnology Project to
achieve the ideas of the consortium and develop the follgwin

* Simulations and evaluation of SAR processors

* Applications studies

* An X-band airborne demonstrator

The prime objectives of the airborne demonstrator projghtch this dissertation forms
part of, are stated by Sunspace to be:

1. To demonstrate a consolidated South African SAR abihitye local and international
communities, by generating high quality images with a Sédtltan X-band demonstra-
tor.

2. To identify and mitigate risks associated with a sateltiyload, by first building an
airborne SAR.

The initial choice of the airborne parameters, such as batibwnd centre frequency, are
aligned with technology that can be deployed on a microligatSAR. These appear to
follow a general trend toward high bandwidth, X-band syst¢a.

2.2 Basic SAR Theory

Synthetic aperture radafSAR) is an airborne radar mapping technique that generates
high-resolution images of surface target areas and terfonthis explanation of SAR,

to be consistent with SASAR Il case, we shall assume a colvaiside-looking, pulse-
compression, airborne radar. The setup is illustratedgn Zil with the flight path into

the page.



Platform direction
(into page) Elevation beamwidth

Incidence angle

| Boresight axis

Nadir point |&—— swath width ———>|

1

Near swath Far swath

Figure 2.1: lllustration of a side-looking SAR setup viewedhe cross range direction.

The two most important terms to define alant rangeand cross range. Slant range
refers to the radars line-of-sight range while cross rarefaes that transverse to slant
range. Slant range resolution is commonly obtained by aptie transmitted pulse.
This text will assume FM (Frequency Modulation) chirp cagliiResolution in the cross
range is obtained by coherently integrating reflected gna@sghe radar travels above and
alongside of the area to be mapped. The distance over whectattar platform collects

reflectivity data and coherently integrates it in the craamsge is termed theynthetic
aperture.

As the radar moves alongside the mapping area, chirp pulsesratted at some constant
PRF. One of these pulses is shown in Fig. 2.2. The PRF is k#fptiently low to ensure
unambiguous range responses. For each transmitted pugsesturn signal is sampled
at some range-sample spacing or recorded continuoushaguer-determined portion of
the illuminated range extentange swath



Ground track
>

[llumination pattern
produced by one /
pulse on earths surface

Range
Swath

/ < Real-antenna % \

beamwidth

Figure 2.2: lllustration of the illumination pattern of opelse on the earths surface
viewed from above.

The collected data is therefore a two-dimensional set adeiility measurements: slant
range versus cross range. A data record will extend ovemtathsvidth in the slant range
and along the flight path over which data is collected in tlessrange. Data sampled
from an echo signal of a single pulse is callechage data line while that sampled in
azimuth at a given range sample position is calledzamuth data line.

Prior to processing the data set will not resemble a map ofehrain. This is because
echoes from isolated point targets are dispersed both gerand azimuth. In order for



this transformation to take place, range and azimuth cosspe must be performed on
the data set. The reader is referred here to [2] for an exptanef this process as the
topic is outside the scope of this document.

This technique has limitless applications which includgearecognition, mapping and
imaging functions. As well as the obvious military uses, lagagpions extend to the fields
of geology, agriculture and oceanography [2].

2.3 System Overview

The SASAR Il project can be briefly described by the highdleystem block diagram
of Fig. 2.3. Each unit will be elaborated on in the forthcogniext in order to give the
reader a greater insight into the project and establishxtemeof this dissertation.

—» RFU [« RCU [«— NAV
A
FDU |«
i I
., rDU [* ,| DSU

Figure 2.3: High-level system block diagram of SASAR Il €yst

The nine units that constitute this radar are:

1. The Radio Frequency Unit (REUYhis can be split into three sections, namely, the
transmitter, receiver and antenna subassembly. It takes from the RDU, RCU
and FDU and outputs back to the RDU. A baseband chirp is rederom the
RDU. This is upconverted and amplified by the transmittee ahtenna subassem-
bly, which consists of a duplexer and antenna, then radiagemcident power and
collects back-scattered energy. This is passed to thevexashich performs am-
plification and down-conversion before returning the signahe RDU.

2. The Frequency Distribution Unit (FDUThe FDU provides LO input to all mixers
of the transmitter and receiver (transceiver). It also kdoihe DAC and ADC to
allow the RFU to 'communicate’ with the RDU. The RCU initsdis the output
frequencies of the FDU.




. The Radar Digital Unit (RDU) The RDU consists of the Digital Pulse Generator

(DPG), Sampling Unit and Timing Unit. The DPG outputs thelduannel, base-
band chirp to the RFU. The Sampling Unit then receives theeiponse from the
RFU and passes it on to the DSU. The Timing Unit sends triggkses to the DPG
and Sampling Unit.

. The Radar Controller Unit (RCU)Xontrol of the RFU’s testing system and TWT

is given to this unit. Output frequencies of the FDU are alstednined here. The
final purpose of the RCU is to provide the the RDU with time mfation gathered
from the Navigation Unit.

. The Navigation Unit (NAV) This unit supplies the DSU with position and time

information and the RCU with time information with the useG®S (Global Posi-
tioning System) and a ring laser gyro.

. The Data Storage Unit (DSUThis RAID server stores information from the NAV

unit and RDU.

. The Power SupplyThis unit provides the necessary power to all the abovesunit

. The Ground Segmenthis is where all the post-processing in done on infornmatio

stored in the DSU.

. The Radar Platfornirhis aeroplane takes the form of a twin prop, pressurised Ae

Commander 690 A to be hired from the South African WeatheviSes.

2.4 The Transmitter

The block diagram of Fig. 2.4 shows the five functional unitghe transmitter. The
dotted blocks indicate that the section is not part of thesmatter, but are included for
clarity. The diagram was arrived at in accordance with thengeof Reference (Section

1.1).

158MHz o 1300MHz Final 9300MHz Power Built

Second F W in
. > ) > S )/'
¥ upconversion ¥’| upconversion Amplifier est

...............

Figure 2.4: High-level block diagram of the transmitter.
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The five functional sections are termed IF1, IF2, RF, PA antl Bhe transmitter inter-
faces with the DPG and the duplexer at its input and outppies/ely. All sections will
be described briefly here in terms of their function.

2.4.1 Chirp Formation and First Upconversion (IF1)

The two, quadrature, baseband signals output by the DPG &aeal bandwidth of
50 MHz. They need to be combined and upconverted to produdera af 100 MHz
bandwidth at the first system IF of 158 MHz. This will requiréz8 MHz LO signal.

2.4.2 Second Upconversion (IF2)

A second IF is necessary in order to ease filtering paramedterdo image frequencies.
It has been chosen to be 1300 MHz, as stated in the Terms ofdRe&e This will make
the system compatible with available Reutech L-band trattesnunits, which facilitates
transmitting at this frequency at a later stage. A LO of 11422Wvill allow translation
to this frequency.

2.4.3 Final Upconversion (RF)

The final upconversion sets the carrier frequency to 9300 MHkis stage will be a
functional repetition of the previous one, with a LO of 80061k

2.4.4 Power Amplifier (PA)

A travelling wave tub€TWT) performs the power amplification and passes the 3,5 kW
chirp signal to the duplexer. The TWT is not dealt with in dedae to its unavailability
during the time scale of this dissertation. Instead it i®t for by knowledge of its
centre frequency and input and output power ratings. Theseaa stated in the TWT's
RF electrical specifications, 9.3 GHz,£42 dBm and 3.2 - 4.56 kW respectively.

2.4.5 Builtintest (BIT)

A simple testing function, whereby each of the above stagyesrified, needs to be estab-
lished. Therefore, if an error does arise, this makes iteedsipin-point the problem in
the system. This will save time in locating the area of concand allow the operator to
focus on rectifying the problem.
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2.5 Frequency Distribution Unit

The FDU has, as for the transmitter, been broken up into iomat blocks. This unit
needs to generate high quality clock signals for the DPGs BA€the ADC. LO signals
for all mixers of the transmitter and receiver (transceiaso require generation. In order
to maintain coherency, all frequencies generated by thisnomst be locked to a stable
reference. Frequency synthesizers can provide this semwith a 10 MHz GPS crystal
as the reference. Of course, the 10 MHz needs to be split gr tocbe delivered to each
synthesizer. All required signals are briefly explained now

2.5.1 DAC and ADC Clocks

A 150 MHz, 1.0 \p-p signal needs to be generated with a maximum jitter spegdicat
of 6 ps as per the Terms of Reference (Section 1.1). This regjgiood phase noise
characteristics, the frequency domain equivalent ofrj{tiee time domain version). The
210 MHz clock should be identical to the 150 MHz clock in temhfunction and design.

2.5.2 Mixer Drives

Three frequencies need generation for LO signals. As staéate, they are 158 MHz,
1142 MHz and 8000 MHz. The receiver requires only the lattey, tas sampling is
performed at the first IF.

12



Chapter 3

Transmitter Design and
Implementation

3.1 Chirp Theory and Simulation

The DPG outputs two quadrature, analogue channels (I andil@xel = cos(mKt?)
and@ = sin(rKt*) (both real, even signalsk is known as the chirp ratés{ = B/T in
Hz/s) [4]. The two chirp pulses vary linearly in frequencgrir -50 to 50 MHz in a period
of 5 us (I'). It can be noted that the concept of a negative frequenaydeer be resolved
as follows:

cos(—mKt*) = cos(nKt?)
sin(—rKt*) = —sin(rKt?)

The | and Q channel graphs are plotted below (Fig. 3.1 anda 2yutput by the DPG
(ideally). Their analogue bandwidths are 50 MHz.

13
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Figure 3.1: | channel output of DPG (Matlab simulation)
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Figure 3.2: Q channel output of DPG (Matlab simulation)

These two signals are respectively multiplied with a 158 Miie or cosine waveform
(irrespective of order). This is equivalent to upconvarsioth a common LO with one
arm being shifted by 90 degrees. Figs 3.3 and 3.4 are thd tdshkese two operations.
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Q Channel at 158MHz IF
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Figure 3.4: Q channel spectrum at 1st IF (Matlab simulation)

They are then combined at this frequency to produce the eagiynal:Chirp = (I +
jQ)rr - This has a bandwidth of 100 MHz. The Matlab code for thesphygds included
in Appendix A [7].
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Chirp at 158MHz IF
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Figure 3.5: Chirp spectrum at 1st IF (Matlab simulation)

The setup, which appears in Fig. 3.6, simulates the aboweepsowith a time-domain
processor called Systemview (by Elanix). The two baseb&adrmels are shifted up in
frequency by LO signals differing in phase by 90 degrees idihtical mixers. These two
158 MHz signals are then combined to produce the chirp sig!nﬁth order Butterworth
filter is applied to the output.
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Figure 3.6: Systemview setup for simulation of IF1.

The simulation results follow:
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3.2 Mixers and Filters

Mixers are used to translate a signal in frequency (eitherulmwn). The RF signal to be
translated is combined with a LO signal in a non-linear eletsach as a diode. It outputs
nLO+mRF, where m, n are integers or zero. These sums and difees@me referred to as
the mixers harmonic intermodulation products. Commongygre the unbalanced, singe
balanced, double balanced and image reject mixers. Thertergdactors to consider are
minimum LO and maximum RF input power level, conversion |gsst-to-port isolation,
return loss and of course frequency.

For up-conversion in the SASAR2 transmitter, the uppertsdd (LO+RF) is the only
desired output and all other signals need to be filtered ot dutput of each of the
transmitter sections needs to be ascertained to ensurentedvsignals are attenuated
sufficiently before entering the successive stage. Esdbnthis analysis details the re-
quired filter characteristics for each of the three up-cosiva stages.

The three properties: bandwidth, steepness of the tranditom passband to stopband
(roll-off) and delay time are of great interest in selectsngandpass filter in a wideband
radar system. The degree at which a filter of defined bandvuidliis off" is determined by
the number of poles it incorporates. However, delay timegases with an increase in the
number of poles and decreases with an increasing bandwitiigrefore, a compromise
must be made. It is important to make the filter bandwidthaeably larger than the
signal bandwidth as can be seen from Fig. 3.10. If this is woted delay at the outer
frequency components will differ from those at the centrafiiency components of the
spectrum. This phenomenon is known as group delay and ctus@silse envelope to
vary from input to output [2, 9]. This is undesirable as it goomises the resolution of
the SAR system. The user-requirements state that Butténitters are to be used. This
Is because they incorporate the best trade-off betweeréfatn the passband, degree of
roll-off and flatness of time delay [11]. Since 5th order fit@re to be used, the only
parameter that may be varied is the bandwidth.

22



Butterworth
filter

b
/7
V4 \\

N\
~\ Bessel
filter

Limit of usable bandwidth

Je-

-

Increasing group delay ——
\

Filter center frequency

Figure 3.10: Group delay near a filter’s centre frequency [9]

With the above material taken into consideration, we can nmmve on and detail the
required mixers for each of the up-converter stages.

3.21 IF1

Since the first upconversion stage takes a baseband inpattputs are centred on LO
harmonics. This is explained by Table 3.1.

Table 3.1: IF1 mixer harmonics with LO=158 MHz and RF=0 MHz.

In] m [ nLO+mRF| nLO-mRF| Order|
0]0,1,2,3... 0 0 1
1(10,1,2,3... 158 158 2
210,1,23... 316 316 3

Fig. 3.11 illustrates what is stated in Table 3.1. Superisepoon the diagram is the
harmonic intermodulation data for a Mini-circuits doulbialanced mixer (ZFM3). An

23



ideal brick-wall bandpass filter centred at 158 MHz couldehavmaximum theoretical
passband of 216 MHz in order to ensure only LO+RF is presetatdde next mixer.
However, for a realistic filter, it is possible that signaédethrough (RF) and second
harmonic (2LO+RF) will not be attenuated below the noiserflatie darker dashed line
shows the B! order Butterworth response, while the dotted line displtsysffect on the
spectrum. The effects of these adjacent signals entersngtker of IF2 must therefore
be considered.

4‘ 216 '>

Magnitude [dB] LO+RF

-10 T /
N
RF
20 & / N

-30 T N
w0/ ~
ot ] N

K 2LO+RF 3LO+RF
’
’
o
'

.
-70 T /1

f[MHz]

Figure 3.11: IF1 harmonic intermodulation (relative toides IF output) for Mini-circuits
ZFM3 mixer with filter attenuation.

3.2.2 IF2

Signal feed-through from the IF1 mixers would be transl&@ethis mixer to be centred at
1142 MHz (LO). The other signal that would possibly entes thixer (2LO+RF) would
sit where this mixers LO+2RF sits (see Table 3.2). This isabee the first stage was
mixing up from baseband and therefore, the LO frequency effitist stage is equal to
the RF input of the second stage. So, all harmonics of thedfiegfe will mix up to sit
exactly where harmonics of the second stage sit. Therdfoedilter requirements for the
output of IF2 should be more stringent than for IF1. If theosetfilter is to remove its
harmonics, then the previous stages harmonics will alsef@ved here. This allows the
requirements of the first filter be relaxed.
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Table 3.2: IF2 mixer output with LO=1142 MHz and RF=158 MHz.

| n| m | nLO+mRF| nLO-mRF | Order|
0|1 158 -158 1
110 1142 1142 1
111 1300 984 2
1] 2 1458 826 3
1|3 1616 668 4
2| 6 3232 1136 8
217 3390 978 9

Once again, mixer harmonic intermodulation data and thecefif filter attenuation is
shown in Fig. 3.12 for a Mini-circuits ZLW-5 double-balancmixer. The image and LO
feed-through are found to be sufficiently large to warraatralbells.
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-70
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T f
0 668 826 984 1142 1300 1458 1616 1774

Figure 3.12: IF2 harmonic intermodulation (relative toides IF output) for Mini-circuits
ZLW-5 mixer.

This problem can be vastly improved by replacing the dollalienced mixer with an
image rejection mixer. Therefore, a Miteq IR0102LC1C miisensed here. This mixer
boasts image rejection of 23 dB and LO-RF isolation of 40 dB.

3.2.3 RF

Analysing this mixer, without giving attention to harmositom the previous, gives rise
to Table 3.3 and Fig. 3.13.
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Table 3.3: RF mixer output with LO=8000 MHz and RF=1300 MHz.

[ n ] m [ nLO+mRF[ nLO-mRF][ Order]
0[1] 1300 1300 | 1
0] 6] 9100 -9100 | 6
0/ 7] 10400 | -10400 | 7
1] 0] 8000 8000 1
1[1] 9300 6700 2
1] 2] 10600 5400 3
2| 5| 22500 9500 7
2] 6] 23800 8200 8
Magnitude [dB] | 2500

LO-RF LO+RF

-10
-20 10
=30 T

-40 T LO-2RF LO+2RF

=50

LO+3RF

-60 T H
N

0 5400 6700 8000 9300 10600 11900
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Figure 3.13: Third mixer harmonic intermodulation (relatto desired IF output). Miteq
MO812M5

This stage has far less critical filtering requirements tth@nprevious two. However,
if harmonics on either side of LO+RF from the previous stageansidered to be let
through, then the filters passband for the final mixer is reduo that of the previous two
stages. This makes the role of the IF2 filter even more imptrt&or this reason and
because the TWT has a narrow input frequency range, no 8liaciuded here.

3.3 BIT

The output of each frequency stage is diverted througjhgle pole double thro{SPDT)
switch to the equivalent section in the receiver. This isead by applying a TTL high
(+5 V) signal to the control input of the switch. The RCU shadirform this function.
Therefore, with no signal applied to the switches, the tratisr will perform its normal
function. Table 3.4 shows the states of this function. Tlesfies the design up to the
power amplifier input.
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Table 3.4: Transmitter states with associated switch obsignals.

| IF1 switch| IF2 switch| RF switch| Transmitter State
0 0 0 Transmit mode
RF verification
IF2 verification

IF1 verification

R RRRlololo
R ook ko
R Oolr ok ok

A test function is now developed to confirm the operation ef TWT. This consists of a
directional coupler, transfer switch, dummy load and twav@odetectors (see Fig. 3.14).
The transfer switch with dummy load allow us to access full TTYbwer without the
inherent dangers of transmitting at this high power. Thigugely a testing facility. The
directional coupler has power detectors on both coupled aommonitor forward and
reverse power. The transfer switch will be switched to dumoad to ensure correct
power levels and then back to transmit before transmissionvill then remain here
until power down. After peak level detection, the analogakigs are sent to the RCU
for digitisation and interpretation. Power levels arel stibnitored during transmission,
however, and if boundary conditions are exceeded the TWbeahut down.

From PA S4 To Dupl exer

—P> —p >
\—/

Figure 3.14: Diagram of the BIT.
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Figure 3.15: Photo of the waveguide BIT components attathéte duplexer.

3.4 Power Requirements of Proposed Transmitter

With a viable transmitter now realised, the power levelsdnieebe tracked through the
system to ensure all components meet there input speainsatrhis analysis will deter-
mine where amplification/attenuation is required. SineeTWT output requires waveg-
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uide transmission lines, analysis also needs to done tondieie if they are capable of
handling the high power.

3.4.1 Power Levels

The Terms of Reference state that the DPG outputs two +10 dBnals. This input
level requires a mixer with a very high LO power level. Thidlyut pressure on the
FDU to attain this power specification. Therefore, theseaigare attenuated in order
to deliver 0 dBm to each IF1 mixer. The proposed system is showrig. 3.16. All
mixer specifications are stated below the component in tagrdm. Losses for other
components are also shown. This diagram includes BIT coemsnn the dotted boxes.
All connections are 50!, SMA female.
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It must be realized though, that until components are puthenteést bench and power
levels measured, values obtained from data sheets areynestghates. They are the
estimated lowest values ie. worst case. Also, losses duerwecting cables have not
been taken into account. It is for this reason that, for athponents where input power is
crucial, levels are overstated by at least 3-4 dB. This wsiuee correct operation with the
use of barrel attenuators to pad levels down to specific nisnl@ée use of attenuators
also acts to reduce the effects of reflections in the systemghaare padded down by
twice the attenuation value for a two way reflection path.

With this noted, and the fact that the TWT requires a +10 dBmuintwo 20 dB amplifiers
are inserted at the RF output. This raises the power leved f&1.0 dBm to +18.1 dBm.

3.4.2 Waveguide Power-carrying Capacity

The maximum power which may pass through a waveguide wikddmn the maximum
electric field strength that can exist without breakdown pé&tkmental data on allowable
field strengths at ultra-high frequencies indicates a vafd® 000 volts/cm applicable for
air-filled guides under standard sea-level pressure, teatyye and humidity conditions.
With this maximum allowable field strength specified, the mmaxm power-carrying ca-
pacity of the waveguide can be specified as:

P = E;,,,6.63 % 10~*ab(3})

wherea andb are in cm andP is in watts. Here: andb are the dimensions of a rectangular
waveguide operating in the T§mode witha> b [12].

With A = 3.226 cm, A\, = 4.175 cm,a = 2.54 cm andb = 1.27 cm, we get:
P =148TMW

This figure assumes sea-level conditions. However, withegsing altitude it is found
that the potential gradient at which breakdown occurs @asa®because of the change in
atmospheric pressure. Taking this into account and assuitmith Paschen’s law holds for
ultra-high frequencies and assumes a seasonal averagenaitydit can be seen that at
10 000 ft (platform height), the maximum power must be derdte fifty percent. This
gives a theoretical maximum power-carrying capacity:

P =7435kW

Therefore, depending on pressurisation of the aircraét figjure should sit somewhere
between these two values. This far exceeds the power rdtthg GWT.

3.5 Summary

The theory of combining an in-phase and quadrature chinasigas introduced. Through
simulation of this, the hardware of the first IF stage wasahged. Some mixer and filter
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theory then lead into analysis of specified mixer harmortermodulation rejection. The
first filter was not deemed critical and its bandwidth is sét46 MHz. The second filters’
role was determined to be crucial and therefore its bandwsdset to 120 MHz and the
double-balanced mixer was exchanged for an image rejectinar. The third filter had,
potentially, the least critical constraints. Because ef TWTs narrow input frequency
range it was thus excluded. A testing function was thenediwhich sequentially mon-
itors the output of each frequency stage.

With the transmitter all but designed, a power budget wasvdrap which introduced
the need for amplification. Analysis was done on the powedhiag capability of the
waveguide used. It was found that power levels do not posmttio the breakdown
of air. Table 3.5 summarises the components used in thentitias Fig. 3.16 can be
referred to for component name designation.

Table 3.5: Components selected for the transmitter.

| Componentnamé Manufacturer | Part number |

AMP1 Tellumat Custom
AMP2 Tellumat Custom
AMP3 - -

D1 Advanced Control| ASCP2504PC3

D2 Advanced Control ASCP2504PC3

DC1 Hewlett Packard X750E

FL1 Lorch Custom

FL2 Lorch Custom

FL3 - -

FL4 - -

FL5 Lorch Custom
MIX1 Mini-circuits ZFM3
MIX2 Mini-circuits ZFM3
MIX3 Miteq IRO102LC1C
MIX4 Miteq MO812M5

R1 Sperry 566

S1 Sivers Lab 730 5X

SP1 Mini-circuits ZMSCQ-2-180
SW1 Mini-circuits ZYSW-2-50R
SW2 Mini-circuits ZYSW-2-50R
SW3 Mini-circuits MSP2T-18
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Chapter 4

Design and Implementation of
Frequency Distribution Unit

With the transmitter designed, it is now necessary to mottieddesign of the FDU, which

will provide drive to the transmitter. As discussed in Sexct?2.5, a 10 MHz reference is
split and delivered to the various synthesizers. With thisnind, the synthesizers are
discussed and selected. The issue of power levels is theassdd with the intention of

specifying required amplification. Some theory follows @hwill enable the synthesizer
and amplifier hardware to be realised. A parameter wherebpehformance of the FDU

outputs is measured is then discussed.

4.1 Frequency Synthesizers

A frequency synthesizer is a subsystem that can derive a laugber of discrete fre-
quencies from an accurate, highly stable crystal oscillalbe reference crystal source
determines the frequency stability and accuracy of thevddrirequency. Fig. 4.1 shows
how a frequency synthesizer can be realised using a phassdiémop (PLL) and a pro-
grammable frequency divider (N). The addition of a frequetiwider (R) at the reference
input will improve resolution. For the phase detector otitpibe zero the following con-
dition must be met:

fo _ fn
N R
Therefore N
fo= EfR

A number of frequencies may be attained by vary%,ghe division ratio [15, 2, 9].
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REFERENCE CRYSTAL ? PROGRAMMABLE PHASE LOW PASS ® Output
OSCILLATOR FREQUENCY DIVIDER, R DETECTOR FILTER U 3

PROGRAMMABLE
FREQUENCY DIVIDER, N

Figure 4.1: Block diagram of a frequency synthesizer usirRl-a and programmable
frequency synthesizers.

With the theory clear, the applicable synthesizers areainoBhey are the Synergy SPLL-
A40 (150-250 MHz), SPLH-S-A79 (1040-1185 MHz) and SPLH-@B6Q4000 MHz).
Fig. 4.2 shows the configuration for the SPLH-S-A79. Onlys tharticular synthesizer
will be explained owing to its similarity to the SPLL-A40. @SPLH-4000F is a fixed
frequency device and therefore does not require programmin

The external reference oscillator is divided down in the it4dference divider and com-
pared to the VCO frequency which is divided by the 18 bit N deunThe error signal,
which is proportional to the phase difference between tteesignals, is fed to a loop fil-
ter. This filter has been designed for maximum referencéaiuie rejection and optimum
acquisition speed.

REF 14-BIT |
0sC ] RCOUNTER |

PHASE-FREQUENCY

| | DETECTOR
CLOCK

DATA > 19-BIT 1-BIT Loop OUTPUT
DATA REGISTER S LATCH FILTER —>
LATCH ENABLE

18-BIT |
PRESCALER N COUNTER ,l

Figure 4.2: Block diagram of the Synergy SPLH-S-A79 frequyesynthesizer.

The synthesizer takes serial inputs on the Clock, Data atcthlEEnable pins to program

the two counter dividers. The Clock input latches in a 19 litdvon the Data pin on the
rising edge of each pulse. If the Control bit (last bit inpathigh, then data is transfered

to the R-counter and S Latch (prescalar select). If low, gat@nsfered to the N-counter.
The Latch Enable input goes high after each Control bit isinNational Semiconductors
Codeloader2 prografi4] can be used to calculate the required outputs and program the
synthesizer. This is done via the parallel port of a computer

The 4000 MHz output of the SPLH-4000F is doubled to achieeadguired 8000 MHz
LO drive. This is done using the Mica F15KSP frequency dauble
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4.2 Power lssues

Once again, the power levels need examination to ensuretsutgeet their requirement.
Fig. 4.3 illustrates the proposed FDU design, with necgssauplifiers included. As with
the transmitter, all connections are @0SMA female.

The 10 MHz reference outputs a 0 dBm signal. This is input tara-eircuits ZBSC-615
six way splitter which has a loss of -8.3 dBm. This poses tlodlem of not providing
sufficient input power for the frequency synthesizers (€Btn). Therefore, an amplifier
Is required to boost the power by at least 14.3 dB. This prentip insertion of five
16 dB amplifiers. The extra gain is accounted for by reasatedin Section 3.4.1. By
placing the amplifiers on the splitter output, instead of anbe input, we achieve greater
isolation. This process is carried to the remaining thréiters.

The calculated power level is stated at the final outputs @f &i3. This is accompanied

by the minimum required power. All components have also eened for purposes of
clarity. A 502 termination is placed on the sixth output of SP3.

Figure 4.3: Diagram showing the proposed FDU design witdipted power levels.

4.3 Circuit Board Design

With the components of the FDU now set, the synthesizer dmjossurface mount am-
plifiers need to be placed on printed circuit board (PCB). &abnsistent, input/output
impedances need to be maintained af50

A transmission medium is required in order to transmit epémgm one point to another.
Some kind of structure is needed if the medium is not air (endase of RF/microwave
communication links). Traditionally, coaxial or wavegeitechnology has been used to
connect together prefabricated circuits and componentedrbroad microwave range
from 0.1-30 GHz. More recently, microwave integrated dtx<(MICs) have been de-
veloped where components are connected and manufacturgdtibse same technology
but in a planar form. The conductor that replaces the codixialor waveguide is the
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stripline [13, 16]. Although literature on the subject e this text will refer to the gen-
eral form of planar transmission line as stripline of whiclerostrip, slotline and coplanar
are sub-categories.

When it comes to planar transmission lines, the microstigis most common. Although
coplanar waveguide is widely viewed as better than miam&ir most applications, it too
has problems. To solve these problems, NASA Lewis and theddsity of Michigan de-
veloped a new version of the coplanar waveguide with elgadtyi narrow ground planes.
They called this new transmission line th@te ground coplanar waveguid&éGCW).

Through extensive numerical modelling and experimentasueements, they have char-
acterised the propagation constant of the FGCW, the lumpddsstributed circuit el-
ements integrated in the FGCW and the coupling betweenlgltansmission lines.
Even though attenuation per unit length is higher for FGC\8alise of higher conductor
loss, it is comparable to conventional coplanar waveguidenathe ground plane width
is twice that of the centre conductds (= 25) [18]. This structure is shown in Fig. 4.4.

Substrate EoEr h

Ground plane

Figure 4.4: Finite ground coplanar waveguide

The first task in designing any form of stripline is to seledicard material to suit the
intended frequency of operation. For each medium or guidingcture there is an asso-
ciated permittivity. This quantity indicates how easily aterial may be polarised and
is expressed as = ¢p¢,.. Hereg is the absolute constant for permittivity andis the
relative permittivity, also known as the dielectric cométeof the material used in the
MIC.

The second task is to calculate the line width for the intentciearacteristic impedance.
The impedance of a stripline is a function of the dielectoogtant , the substrate height
h and the line width. As can be seen from Fig. 4.4, the anabyfsime width is more
complex for FGCW than for that of microstrip. This is becatwe strips of widthB do
not exist for microstrip. The reader is referred to [13] fatedailed analysis of impedance
calculation. Alternatively, many software options areikalde for simple calculation of
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line widths. These range from simple java applets [21] on @m& of the spectrum to
complex programs, such as Polar Instruments Si6000 [22h@higher and more costly
side.

Using material withh = 1.524 mm, ¢, = 4.5 and line dimensions' = W = 0.5 mm,
B =1 mm produces the desired SDline [21].

With the stripline taken care of, special care should bertakeing board layout to min-
imise parasitics. This is particularly important at freqaies above 1 GHz. The following
steps should be adhered to during this process:

e Extra lead length corresponds to extra inductance adddtetddsign. Therefore,
effort should be made to ensure components sit flush witlstngsion lines.

e Abrupt changes in transmission line width also cause parasfects called step
discontinuities. These can be reduced by tapering trasgmnisines down to the
component lead width.

e Parasitic effects can also be created by bends in a traniemis®e and hence this
should be avoided where possible. If not possible howekercorners should be
chamfered to prevent them from acting as extra shunt caeet

e Ground planes should be kept solid and as large as possible.

e High frequency return paths must be kept as short as posdibpated through
holes are used as ground returns, they must be placed asspassible to the
body of the package.

e Additional path length acts as series inductance and thieréfansmission lines
must not be longer than they need to be.

With the FGCW line dimensions set and board guidelines latda® can now move on
to implement the amplifier and frequency synthesizer boardsder to realise the FDU.

4.4 Amplifiers

The amplifiers of the FDU up to 4 GHz are built using monolithicface mount
amplifiers. The circuit of Fig. 4.5 illustrates the biasiranptiguration and is obtained
from the data sheet of the particular amplifier. FGCW will geat the 502 components
between the RF input and output. These include two DC blac&apacitors and the
amplifier. The biasing resistor is calculated with a supfly®volts, and knowledge of
the biasing current. A RF choke of large impedance is indede€ombat the "power
divider” effect, where the bias resistor appears in pdnaitd the output load impedance.
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Rbias Vcc

RFC

C:block Cblock

IN O— H I\lj , H O out

Figure 4.5: Typical biasing configuration for Mini-circaiERA amplifiers.

The boards are laid out using Protel and the the PCBs areradgquihe components are
then assembled and appropriate SMA connections are adtedobrds are now realised
as shown in Figs. 4.6 and 4.7. The amplifiers connecting theithway splitter to the
synthesizers are included on the synthesizer board to eetthéccomponent count. All
boards are equipped with regulators to keep check on thdysuplpage.
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Figure 4.6: Realisation of board layout for the Mini-circaiERA amplifiers.

Figure 4.7: Realisation of board layout for the Synergy Gieecy synthesizers.
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4.5 Microwave Housing Design

Microwave circuits are usually placed in a metal housinghvabnnectors through the
walls onto the appropriate stripline of the circuit. The mpurpose of the housing is to
provide mechanical strength and handling, electricalldimg and potentially heatsink-
ing. A problem may arise in that a housing with a lid will forntavity, and thus exhibit
resonance.

With the stripline circuit in the housing, this may be lookgzbn as a dielectrically loaded
cavity resonator. There is a possibility of performancesdetation if the lowest order
cavity mode were to couple to the stripline circuit. The peof, frequently, is that the
lowest order cavity mode sets a limitation on the maximungdency for satisfactory
operation of the stripline circuit [16].

We shall now attempt to calculate the cavity mode for the mikeusing dimensions.
Literature [23] states that the added complexity of usingemammplicated equations to
calculate the cut-off frequency of the cavity with subsriaiside are not worth the extra
effort. This allows us to assume a dielectric constant obf &fr). Thus:

; 12
10 — \/a

wherel andw are in cm andf is in GHz.

With the available housing for amplifiers, whare= 3.5 cm andl = 8.9 cm, the cavity
mode is set tg,p = 4.6 cm.

For the synthesizer housings, where= 6.4 cm andl = 11.4 cm, the cavity mode is set
to f10 = 2.7 GHz.

It is advisable to use a housing with cavity mode at least &dirthat of the stripline
circuit. However, if problems exist, microwave absorbertenal may be added to the
cavity to provide a quick and inexpensive solution to cavyonances [23, 24].
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158MHz Amplifier

Figure 4.8: Completed module for the 158 MHz amplifiers (AMP1land AMP11-3).

Figure 4.9: Completed module for the 150 MHz frequency sgsitter (SZ4).

4.6 Phase Noise and Jitter

Now that the FDU has been designed and implemented, a meafsiine fidelity of the
produced signals must be established. This measure isdephese noise in the fre-
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quency domain or jitter in the time domain.

Phase noise is defined as the undesired phase variation grfia.sirhis is indicated by
the spreading of the frequency spectrustt\ = Asin(wt + f(t))), as opposed to an
ideal signal §(t) = Asin(wt)) where the power is contained at one specific frequency. A
common measure of short-term frequency stability is thampaterL( f,,), which refers

to the one-sided power spectral density of phase noide can be seen in Fig. 4.10,
L(f») = N/C isthe difference of power between the carriefgand the noise gfy+ f,,.

The spectral distributions on either side of the carriertka@vn as noise sidebands. The
units of L( f,,,) are decibels below the carrier (dBc) per hertz .

Output power (dB)

fo  fotfnm

Figure 4.10: Oscillator output power spectrum [15].

The bulk of oscillator noise close to the carrier is phases&oihis noise represents the
phase jitter or short-term stability of the oscillator. teitand phase noise are different
ways of quantifying the same phenomenon. The differencegbikiat one is a time do-
main measurement, while the other is a frequency domainunement [15, 19, 20].

4.7 Summary

Frequency synthesizers were discussed. It determinethinatvould provide an efficient
means of generating coherent signals for the clocks and iM@sdrSynergy components
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were selected. The FDU was attained by working power lewelsral the synthesizers
with knowledge of the reference output power. This detaitedrequired amplifiers. A
breakdown of the components of the FDU appears below (see4&8for component
names):

Table 4.1: Components used in the FDU.

| Component namé Manufacturer] Part number |

AMP11-1 Mini-circuits ERA-50SM
AMP11-2 Mini-circuits ERA-4SM
AMP11-3 Mini-circuits ERA-4SM
AMP12-1 Mini-circuits ERA-50SM
AMP12-2 Mini-circuits ERA-2SM
AMP12-3 Mini-circuits ERA-4SM
AMP13-1 Mini-circuits ERA-50SM
AMP13-2 Mini-circuits ERA-4SM
AMP13-3 Tellumat Custom
AMP13-4 Tellumat Custom
AMP14-1 Mini-circuits ERA-50SM
AMP15-1 Mini-circuits ERA-50SM
FD Mica F15KSP
FL9 Lorch Custom
SP3 Mini-circuits ZSBC-615
SP4 Mini-circuits | ZMSCQ-2-180
SP5 Mini-circuits ZFSC-2-5
SP6 Mini-circuits | ZFSC-2-9-G
SZ1 Synergy SPLL-S-A40
SZ2 Synergy SPLH-S-A79
SZ3 Synergy SPLH-4000F
SZ4 Synergy SPLL-S-A40
SZ5 Synergy SPLL-S-A40

Theory relevant to the design of RF PCBs was discussed atll tlis knowledge, the
synthesizer and amplifier boards were constructed. Theg Wweused in metal casings
which were analysed to determine if resonance will hindecticuits performance. Phase
noise and jitter were introduced with the aim of understagdiow to quantify the effec-
tiveness of the signals produced.
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Chapter 5

Testing

5.1 Introduction

Testing of the transmitter and FDU is performed in order tofyehe design. The fol-
lowing equipment is used:

Table 5.1: Bench equipment used for testing.

Equipment | Model |
DC power supply Topward 6303A
Digital multimeter Escort EDM-2116L
Spectrum analyzer Agilent E4407B (9kHz-26.5GHz
Sweep oscillator Hewlett Packard 8350B
Power meter Hewlett Packard HP 435A
Arbitrary waveform generator (AWG Hewlett Packard 33120A

Where appropriate, similar FDU and transmitter componargstested together. How-
ever, the tests follow the general trend of FDU first, folloWey transmitter. This results
from the necessity of using the FDU for various transmitstg.

Thus, amplifiers are tested first (from both FDU and trangm)ittThe synthesizers are
then tested and a power budget for the FDU is drawn up. ThdFiistthen tested with
the use of the FDU to inspect the integrity of the chirp sigmmalduced. A CW signal is
injected to the transmitter input with the aim of finalisidgettransmitter power budget.
A plot of the final chirp output spectrum is then compared te of the the input to
establish the distortion of the signal’s magnitude throtighsystem. The findings are
then discussed after all tests have been done and resulia sho
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5.2 Amplifier Testing

5.2.1 Equipment Used

DC power supply, power meter, sweep oscillator.

5.2.2 Test Procedure

The sweep oscillator is connected via a coaxial test caldleetpower meter. The sweep
oscillator is set to continuous wave (CW) mode and adjusteitithe power meter reads
the desired input power level. The test cable is then disected and the FDU amplifier
boards are individually inserted with an attenuator equ#iére gain. This process serves
to exclude losses outside the test circuit boundaries framteasurements and leave the
power meter settings unchanged. The DC supply is then aitietchthe amplifier and the
output is read off the power meter.

The procedure for the two transmitter amplifiers (Amps 1&23lightly different in that

the signal passed through them is of 100 MHz bandwidth. Tdygsires the sweep oscil-
lator to be changed from CW to sweep mode. This is applieddsplectrum analyzer and
the hold maximum button is pushed to record the trace of teasi A screen snapshot is
taken. Thereafter, the amplifier and an attenuator equélketodlue of the amplifier gain
is inserted. This allows the spectrum analyzer settingemeain unchanged. The DC
supply is attached and the hold maximum button is pushedapgot is again recorded.

5.2.3 Test Results

Table 5.2: Test results for the various amplifier boards.

| Amplifier | Frequency (MHz) Input (dBm) | Output (dBm)| Gain (dB) || Expected Gain (dB)

Amp11-2 158 +2.0 +12.5 10.5 11.0
Amp11-3 158 +2.0 +12.4 10.4 11.0
Ampl2-2 1142 0.0 +13.4 13.4 13.0
Amp12-3 1142 0.0 +11.2 11.2 11.0
Amp13-2 4000 +2.0 +13.0 11.0 11.0
Amp13-3 8000 -2.0 +13.8 15.8 16.0
Amp13-4 8000 -2.0 +13.8 15.8 16.0

Refer to Fig. 4.3 for the amplifier’s name designation.
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Mkrl 9.3008 GHz

Ref 2 dEm Atten 15 4B B.17 dBm
Feak
Log _ .
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dB/ . . _

Marker |

9.300000000 GHz
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M1 52
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AA

Center 9.3 GHz Span 188 MHz
Res BW 1 MHz VBHW 1 MHz Sweep 4 ms (481 pts)

Figure 5.1: Input to transmitter amplifier.
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Mikrl 9.3088 GHz
Ref 2 dBEm Atten 15 dB 3,881 dBm
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Log
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Figure 5.2: Output of transmitter amplifier with a 20 dB attation.

By subtracting Fig. 5.2 from Fig. 5.1, one can get an idea of tiee amplifier maintains
its response over the frequency band of interest. This s Table 5.3 below.

Table 5.3: Amplifier response over the 100 MHz bandwidth.

| Frequency (GHz) 8.8]8.9]9.0]/9.1]/9.2]/9.3]9.4]/95]9.6[9.7] 9.8]
| Amplitude (dB) [ 0.4[ 0.6]0.6[/0.3] 0.1/ 0.1]/0.2[0.4] 0.6/ 0.7 0.7]

5.3 Synthesizer Testing

5.3.1 Equipment Used

DC power supply, spectrum analyzer, arbitrary waveformegator (AWG).

47



5.3.2 Test Procedure

The frequency and power level of each synthesizer is asteddy the following pro-
cess: the AWG is set to 10 MHz at +4 dBm. The synthesizer ouspednnected to the
spectrum analyzer and the power is supplied. The seridrbam is then transferred from
Codeloader? for the synthesizer of concern. The frequendypawer level is recorded.

In order to obtain a phase noise plot, the spectrum analymst be changed to phase
noise mode. The carrier frequency and start (10 Hz) and dtdgHz) points must be
input. This results in a plot being generated.

5.3.3 Test Results

Table 5.4: Synthesizer’s output frequency and power level.

| Synthesizer namg Frequency (MHz) Output (dBm)| Expected Output (dBm)

S71 157.999 +5.42 +5.0
SZ2 1141.999 +4.70 +5.0
SZ3 3999.998 +3.08 +3.0
SZ74 149.999 +5.27 +5.0
SZ5 209.999 +5.43 +5.0

The graphs of each synthesizer output spectrum are digpilay@pendix B. These phase
noise plots follow:
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Carrier Freq 157.9999200 MHz

Carrier Power G5.21 dBm Atten 5.008 4B Mk 1 19,0008 kHz
Ref -30,00dBc/Hz B _ - -188.43 dB!:,_f“H_z_{
16,80
dB/

Wbl |

I |||,. ] T ! 11 "I :

et |
10 Hz Frequency Offset | 1 MHz

Figure 5.3: Phase noise plot for the 158 MHz synthesizer.

Carrier Freq 1.141999373 GHz

Carrier Power 4.78 dBm Atten G5.80 dB Mkr 1 180088 kHz
Ref —30,00dBc/Hz -94.73 dBc/Hz s
10.88

dB/

10 Hz Frequency Offset . 1 MHz

Figure 5.4: Phase noise plot for the 1142 MHz synthesizer.
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Carrier Freq 3.99999//36 GHz

Carrier Power 3.58 dBm Atten 5.0 dB Mkr 1 1066086 kHz
Ref —30,08dBc/Hz ~75.28 dBc/Hz ;
16.60

dB/
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Figure 5.5: Phase noise plot for the 4000 MHz synthesizer.

Carrier Freq 149.9999230 MHz

Carrier Power G.17 dBm Atten 5.00 dB Mkr 1 1066086 kHz
Ref —30,08dBc/Hz ~-99.91 dBc/Hz ;
16.60

dB/

189 Hz Frequency Offset 1 MHz

Figure 5.6: Phase noise plot for the 150 MHz synthesizer.
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Figure 5.7: Phase noise plot for the 210 MHz synthesizer.

5.4 Power Levels of the FDU

5.4.1 Equipment Used

DC power supply, power meter, AWG.

5.4.2 TestProcedure

The AWG is setto 10 MHz at +13 dBm and applied to the splittpuin This ensures both
arms receive the required +10dBm. The FDU (see Fig. 4.3)eis thserted and the DC
supply attached. The synthesizers are programmed and tiet @fi each arm is applied
to and read off the power meter.
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5.4.3 Test Results

Table 5.5: Measured output power of the FDU.

| Arm frequency (MHz)| | Output Power (dBm)| Calculated Output (dBm)

158 I +12.5 +12.7
Q +12.4 +12.7
1142 T +14.4 +12.2
R +12.2 +10.2
4000 T +12.1 +13.8
R +12.1 +13.8
150 - +5.27 +5.0
210 - +5.43 +5.0

5.5 Power Levels of the Transmitter

5.5.1 Equipment Used

DC power supply, power meter, sweep oscillator, AWG.

5.5.2 Test Procedure

The sweep oscillator is connected via a coaxial test calileetpower meter. The sweep
oscillator (in CW mode) is then adjusted to the correct poeeel. The first IF section
is then inserted (with appropriate FDU LO) and the DC supptigched and synthesizer
programmed. The power is then read off the power meter. Thoisgss is repeated with
IF2 added, and again with RF (the whole transmitter). The fima RF amplifiers are not
included.

5.5.3 Test Results

Table 5.6: Measured transmitter power levels.

| Input Power (dBm) IF1 Power (dBm)| IF2 Power (dBm)| RF Power (dBm)
| 0dBm | +1.1 | -9.2 | -17.1 |

5.6 Chirp Integrity

5.6.1 Equipment Used
DC power supply, spectrum analyzer, sweep oscillator, AWG.
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5.6.2 Test Procedure

Each DPG output is connected successively to the spectralyzan and recorded. They
are then, along with the the two LO signals from the FDU, caterto the IF1 mixers.

Power is applied to the 158 MHz synthesizer and amplifierse gitogramming data is
then sent to the synthesizer. The spectrum analyzer ietdo the IF1 filter output and
atrace is recorded. This process is repeated with IF2 addead again with the addition

of RF.

5.6.3 Test Results

Mkrz G@.8 MHz
Ref @ dBm Atten 18 dE -21.41 dBm
Peak

Log | | :
1@
dB/

er
0B00BA MHz
-21.41 dBm
W1 52 | |

S5 FE
HAH

Center 28 MHz Span 2B MHz
Res BEH 1 MHz YEH 1 MHz Sweep 4 ms (481 pts)

Figure 5.8: Spectrum of baseband in-phase chirp.
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Figure 5.9: Spectrum of baseband quadrature chirp.
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Figure 5.10: Spectrum of 158 MHz chirp.
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Figure 5.11: Spectrum of 1300 MHz chirp.
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Figure 5.12: Spectrum of 9300 MHz chirp.

5.7 Spurious Signals

5.7.1 Equipment Used

DC power supply, spectrum analyzer, AWG.

5.7.2 Test Procedure

The first IF section is connected (with appropriate FDU LQ) B supply attached. The
synthesizer is programmed and the DPG applied to the input. video and resolution
bandwidths are reduced to 3 kHz on spectrum analyzer. Th#aaschirp signal is then
recorded. The chirp signal is turned off with the DPG stithahed and another trace is
plotted. This process is repeated with IF2 added, and ag#irRF (the whole transmitter
and FDU).
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5.7.3 Test Results

Mkrl 158 MHz
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Figure 5.13: Spectrum of 158 MHz chirp with video/resolatlmandwidth reduced.
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Figure 5.14: Spectrum without the presence of the 158 MHgpchi

59



Mkrl 1.308 GHz
Ref —20 dBm Atten 5 dB -28.31 dBm
Peak 1
Log
16
dB/

Marker
1.3800080000 6
-28.31 |dBm

Wl 52

53 FCi

AA
eyt e

Center 1.3 GHz Span 588 MHz
#Res BH 3 kHz #BH 3 kHz Sweep 71.58 5 (481 prs)

Figure 5.15: Spectrum of 1300 MHz chirp with video/resaatbandwidth reduced.
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Figure 5.16: Spectrum without the presence of the 1300 Mitpch
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Figure 5.17: Spectrum of 9300 MHz chirp with video/resaatbandwidth reduced.
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Figure 5.18: Spectrum without the presence of the 9300 Mhtpch

5.8 System Transfer Function

5.8.1 Equipment Used

DC power supply, spectrum analyzer, AWG.

5.8.2 Test Procedure

The first IF section is connected (with appropriate FDU LQ) B supply attached. The
synthesizer is programmed and the DPG applied to the inph.r@&sultant chirp signal

is then recorded on the spectrum analyzer. The entire systéman inserted and relevant
DC supply attached and synthesizers programmed. A reconddke of the X-band chirp

on the spectrum analyzer.
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5.8.3 Test Results
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Figure 5.19: Spectrum of 158 MHz chirp.
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Figure 5.20: Spectrum of 9300 MHz chirp.

5.9 Discussion and Analysis of Findings

5.9.1 Amplifier Testing

The table below shows the measured and rated gain of the Fplifeens.

Table 5.7: Test results for the various amplifier boards.

| Amplifier name| Frequency (MHz)| Measured Gain (dB) Rated Gain (dB)

Amp1l1-2 158 10.5 11.0
Amp11-3 158 10.4 11.0
Ampl2-2 1142 13.4 13.0
Amp12-3 1142 11.2 11.0
Amp13-2 4000 11.0 11.0
Amp13-3 8000 15.8 16.0
Ampl3-4 8000 15.8 16.0

On the whole, the FDU amplifiers realise there rating withouth deviation. It is also
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seen that the transmitter amplifier does not deviate by ninae ®.7 dB in terms of mag-
nitude linearity over the system bandwidth.

5.9.2 Synthesizer Testing

All the five synthesizers generated their required frequemith error less than 2 kHz.
Table 5.8 shows that their power specifications are also met.

Table 5.8: Measured synthesizer output power level condparth rated value.

| Synthesizer name/frequency (MHzMeasured Output (dBm)) Rated Output (dBm)

S71/158 +5.42 +5.0+2
S72/1142 +4.70 +3.0 (min)
SZ73/4000 +3.08 +3.0+£2
S74/150 +5.27 +5.0+2
S75/210 +5.43 +5.0+£2

The output frequency should reflect the reference frequaeriityn the loop bandwidth.
Outside the loop bandwidth, the properties of the oscillaself dominate. The step size
and noise of associated circuitry also contribute.

An applet by Raltron Electronics Corporation [20] is useddavert the phase noise plots
to jitter values. These are stated in the Table 5.9 below.

Table 5.9: Calculated jitter specifications for the synithess.

| Synthesizer name/frequency (MHgJitter (ps) |

SZ1/158 11.1
SZ2/1142 2.86
SZ3/4000 2.15
SZ4/150 12.7
SZ5/210 10.4

What must be realised here is that the intended referendiatmcwas not available at
the time of testing. The phase noise plots were produced tsehAWG as the reference.
Therefore, these results are not a true reflection of the $iystem. They are, however,
included to give an indication of the jitter. The 150 and 218Msynthesizer jitter values
are crucial as stated in the Terms of Reference (Section3idge the GPS crystal oscil-
lator is known to be superior in terms of stability, thesaueal show promise, as they are
not too far off the required 6 ps.
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5.9.3 Power Levels of the FDU

The power levels at the FDU outputs are compared to thoseedestatlock and mixer LO
inputs in Table 5.10. All levels exceed those required. To& MHz arm may be padded
down with a 6 dB attenuator, while a 3 dB attenuator will seffior the receive side of
the 1142 MHz arm.

Table 5.10: Measured power compared to the required minifouthe FDU.

| Arm frequency (MHz)| | Final Output (dBm)] Minimum Required Power (dBm)

158 I +13.7 +7.0
Q +13.6 +7.0
1142 T +12.2 +10.0
R +12.6 +7.0
4000 T +12.1 +8.0
R +12.1 +8.0
150 - +5.27 +4.0
210 - +5.43 +4.0

5.9.4 Power Levels of the Transmitter

The transmit power budget, Table 5.11, confirms the caledlppwer levels of the Fig 3.16.
The test cables and connectors will account for the additimsses . With the addition of
the transmitter amplification, the power will rise to 16.51BA 6 dB attenuator can then
bring this down to the required +10 dBm. Alternatively, theification on the DPG
outputs can can adjusted accordingly.

Table 5.11: Measured versus calculated transmitter pavetd.

| | Input Power (dBm) IF1 Power (dBm)| IF2 Power (dBm)| RF Power (dBm)

Measured 0 -6.6 -16.8 -23.5
Calculated 0 -6.1 -15.2 -21.9

5.9.5 Chirp Integrity

The chirp signal delivered by the DPG is of satisfactory gquaHowever, the power level
is approximately 25 dB below that stated in the Terms of Refee and 15 dB below
what the transmitter input can tolerate. It will therefored amplification in order for
the TWT to receive its intended power requirement.

Combination of the | and Q baseband signals is achieved hyrtduoess detailed in Section
3.1. There is evidence of LO feedthrough from the two 158 MHzems. The chirp seen
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at the second IF (Fig. 5.11) shows evidence of attenuatitimaduter frequencies. This
has resulted from the filter bandwidth (120 MHz) not beingéaenough to combat the
effects of group delay. This is carried through to the RF aigwhich does not suffer the
same fate.

5.9.6 Spurious Signals

With the video/resolution bandwidths decreased, the ritose drops accordingly. This
results in the unmasking of previously unseen frequencypoorants, much like sprouting
grey hairs. Fig. 5.13 shows the LO feedthrough and 316 MHz B@nionic clearly.
Without the chirp present in Fig. 5.14 things are less cléae only possible source of
these signals would be the DPG, since the LO has been chasadte

The LO harmonic of the previous stage disappears in the 13B@ Bpectrum. The
1142 MHz LO feedthrough still exists though, despite thersf of the image rejec-
tion mixer. Its effort, together with the filter concerned provide in excess of 80 dB
isolation. The image, however, is attenuated below theenfta®r. The presence of the
two spikes offset by 16 MHz from the 1300 MHz signal is a restithe previous stage.
Once again, this trend continues through to the X-band gpectAs would be expected,
due to the lack of a filter, harmonics at 8000 MHz spacingg elimust be noted that the
video and resolution bandwidths were increased in Fig. @X®ver the the 5000 MHz
span.

5.9.7 System Transfer Function
Fig. 5.21 indicates how the chirp envelope varies from IFtpouto RF output.

Chirp Bandwidth = 100MHz

Magnitude [dB]

T 2dB

f[MHz]

Figure 5.21: System transfer function.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions
In view of the findings, the following conclusions may be draw

¢ All the FDU amplifiers provide sufficient gain for their apgdition.
e The synthesizers output their desired frequency at suftigewer level.

e Itis not clear if the jitter specification of 6 ps has been na#ihough it does seem
promising.

e The FDU supplies sufficient power at all of its outputs.

e The DPG was found to be lacking of 24 dB. Transmitter poweelewill supply
the desired +10 dBm to the TWT if this is corrected for.

e Combination of the in-phase and quadrature chirp signasng satisfactorily. LO
feedthrough, however, is superimposed at the chirps” eémguency.

e As a result of previous stages spurious signals exist at 1& Mffset from the
chirps” centre frequency and at 9142 MHz. Harmonic intemmtettbn products of
the final mixer are also present.

e The system transfer function reveals that 2 dB attenuatqerésent at the outer
frequencies of the chirp signal. Group delay in the filterd ansmitter amplifiers
is held responsible for this.
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6.2 Recommendations for Future Work
As a result of the findings and conclusions, the followingoremendations are made:

e The frequency synthesizers’ jitter specification shouldddeulated when the GPS
reference is acquired.

e Amplification of at least 15 dB must be performed to the DPGspots.
e The IF1 mixers could be replaced with higher demands on LOsBlation.

e Analysis may be done to determine the origin of the 16 MHzaiffgpurious re-
sponses.

e The TWT must be inserted to test the need for X-band filtering.
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Appendix A

Matlab Chirp Simulation Code

Fs = 630e6; % Sample Rate
Tp = 5e-6; % Chirp pulse length in seconds
ChirpBW = 100e6; % Chirp Bandwidth

NumSamples = round(Fs * Tp);

| = zeros(1,NumSamples);

Q = zeros(1,NumSamples);

Tplot = zeros(1,NumSamples);
TimePerSample = 1/Fs;

Gamma = ChirpBW/Tp;

%%%%%%% Create Chirp %%%%%%%%%%%%
for count = 0:(NumSamples-1)

Time = (TimePerSample*count-(Tp/2));

Phase = pi * Gamma * Time”2;

I(1,count+1) = cos(Phase);

Q(1,count+1) = sin(Phase);

Tplot(1,count+1) = (Time+(Tp/2));

end

%%%%%%%% Take FFT of chirp %%%%%%
Chirp = complex(l,Q);

ChirpFFT = fft(Chirp);

%%%%%%%% modulation section%%%%%%%%

Fcarrier = 157.5€6; % Modulation Frequency
N =10; % Number of address bits
dF = Fs * 27(-N); % Frequency resolution

FCN = round(Fcarrier/dF); % Frequency Control Number

NCOSin = zeros(1,NumSamples);

NCOCos = zeros(1,NumSamples);

for count = 1:NumSamples

NCOCos(count) = cos(2*pi*(mod(count*FCN,2~N))/2"N);
NCOSin(count) = sin(2*pi*(mod(count*FCN,2~N))/2"N);
end

IMod = NCOCos.*I;

QMod = NCOSin.*Q;

FIMod = fft(IMod);

FQMod = fft(QMod);

ChirpMod = IMod + QMod;

ChirpModFFT = fft(ChirpMod);

NCOSInFFT = fft(NCOSin);

%%%%%%%%% Shift FFT %%%%%%%%%%%%
ChirpModFFT = fftshift(ChirpModFFT);

NCOSInFFT = fftshift(NCOSInFFT);

ChirpFFT = fftshift(ChirpFFT);
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%%%%%%%%% plot graphs %%%%%%%%%%%%
step = Fs/(NumSamples*1e6);

X = -Fs/(2*1e6):step:Fs/(2*1e6)-step;
figure,plot(x,abs(FIMod))
xlabel('Frequency [MHz]')
ylabel('Magnitude’)

title(’l Channel at 158MHz IF’);
figure,plot(x,abs(FQMod))
xlabel('Frequency [MHz]')
ylabel('Magnitude’)

title('Q Channel at 158MHz IF’);
figure,plot(x,abs(ChirpModFFT))
xlabel(’Frequency [MHz]’)
ylabel('Magnitude’)

title("Chirp at 158MHz IF’);
figure,plot(x,abs(NCOSInFFT))
xlabel(’Frequency [MHz]’)
ylabel('Magnitude’)
title("’158MHz sinusoid’)
figure,plot((Tplot/1e-6),1);
xlabel('Time [us])
ylabel('Magnitude’)

title(’l Channel’)
figure,plot((Tplot/1e-6),Q);
xlabel('Time [us])
ylabel('Magnitude’)

title('Q Channel’)

end

end
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Appendix B

Synthesizer Plots

Mkrl 158.8 MHz

Ref 28 dBEm Atten 38 dB 5.42 dBm
Feak
Log
dB/

Marker |

158.000000 MHz |

G.42 dBm
Ml 52
53 FC
AA

Center 158 MHz Span 2B MHz
Res BEH 1 MHz YEH 1 MHz Sweep 4 ms (481 pts)

Figure B.1: Plot showing frequency and power for the 158 Mif#isesizer.
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Mkr1 158 MH=z
Ref 168 dBEm Atten 28 dB 5.413 dBEm
Feak

L i
et
B/

rker |
h8.000000 MHz
A13 dBm |

==

[ |

L1

ML $2
$3 FC|
An

Center 428 MHz Span BAG MHz
Fes BW 5 MHz VEH 3 MHz Sweepn 4 ms (401 pts)

Figure B.2: Plot showing harmonics of the 158 MHz synthesize
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Mikrl 1.1428 GHz

Ref 28 dBm Atten 38 dB 4,781 dBm
Feak
Log | | |
18 1
B/
Marker |
1.142000080 GHz
4./01 dBm
ML S0 '
33 FCJ
AA
Center 1.142 GHz Span 286 MHz
Fes BEW 1 MH=z VEH 1 MHz Sweepn 4 ms (401 pts)

Figure B.3: Plot showing frequency and power for the 1142 MiAzthesizer.
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Mkrl 1.148 GHz
Ref 26 dEm Atten 30 dB 4,74 dBm
Feak
Log
16 é
dB/

920000000 GHz

Center 2.92 GHz Span 4 GHz
Res EH 5 MHz VEH 3 MHz Sweep 18 ms (401 pts)

Figure B.4: Plot showing harmonics of the 1142 MHz syntharsiz
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Mkrl 4.0000 GHz

Ref 20 dBm Atten 30 dB 3.08 dBm
Peak
Log _ | |
1@ 1
dB/
Marker |
4,000000008 GHz

3.08 dBm

W1 52
$3-FE]
HA
Center 4 GHz Span 188 MHz
Res EW 1 MHz VBH 1 MHz Sweep 4 ms (401 pts)

Figure B.5: Plot showing frequency and power for the 4000 Migzthesizer.
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Mkrl 4.81 GHz

Ref 26 dBm Atten 30 dB 257 dBm
Peak
Log
14 1
dB/ i
Marker

4.010040000 GHz

Wl 52
T
AA
Start & GHz Stop 12.42 GHz
Res EH 5 MHz VEH 3 MHz Sweep 2605 ms (401 pts)

Figure B.6: Plot showing harmonics of the 4000 MHz synthersiz
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Mkrl 158.8 MHz

Ref 18 dBm Atten 28 dB 5.273 dBm
Feak
Log
16
dB/
Marker
150.000000 MHz
5.273 dBm
M1 52
53 FC
AA
ST
Center 158 MHz Span 206 MHz
Res EH 1 MHz YEH 1 MHz Sweep 4 ms (461 pts)

Figure B.7: Plot showing frequency and power for the 150 Mi##tisesizer.
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Mkrl 156 MHz
Ref 16 dEm Atten 20 dB 5.287 dBm
Feak
Log
16
dB/

Center 350 MHz Span 468 MHz
Res EH 5 MHz VEH 3 MHz Sweep 4 ms (401 pts)

Figure B.8: Plot showing harmonics of the 150 MHz synthesize
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Mkrl 218.8 MHz

Ref 28 dBm Atten 36 dB 5433 dBm
Peak
Log
18 5
dB/
Marker |
210.000000 MHz |

5.433 dBm

Wl =2
R
HA
Center 218 MHz Span 188 MHz
Res BH 1 MHz YEW 1 MHz Sweep 4 ms (401 pts)

Figure B.9: Plot showing frequency and power for the 210 Mif#isesizer.
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Mikrl 218 MHz

Ref 18 dBm Htten 20 B 5.384 dBm
Peak &
Log
1@
dB/
Marker | | | |
210.000[00 MHz | | |
| 5.384 dB

Ml S2
R
HA
Center 588 MHz Span 1 GHz
Res BH 3 MHz VEW 3 MHz Sweep 4 ms (401 pts)

Figure B.10: Plot showing harmonics of the 210 MHz synthesiz
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