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Abstract

In telecommunications a message has to be carried from onenpdo another. A
transmitter is required at one end, while on the other end the is a receiver. If
over the air transmissions are performed this typically hgpens using some carrier
frequency.

This work describes the parameters of an RF (Radio Frequencypht end which

can be used in rapid prototyping to augment an existing basabd processing
unit to allow for transmissions at2;6 GHz. Further one RF transmitter or RF

receiver can be arranged with more uniform RF transmitters oRF receivers to
allow for MIMO (Multiple Input Multiple Output) experiment s.

The development of such an RF transmitter is described. An idepth view of
the components of the second upconversion stage is given.st_aut not least
several measurements are presented to certify the functiaf the transmitter
and characterize it in the frequency domain, at di erent powr levels, and with
di erent modulation schemes.

Kurzfassung

Eine der Aufgaben der Nachrichtentechnik ist es, Informatn von einem Punkt
zu einem zweiten zu transportieren. Ein Sender schickt diealdhricht ab, der
Empfanger nimmt sie entgegen. Handelt es sich um Funkibeagung, geschieht
dies in der Regel auf Tragerfrequenzebene.

Diese Arbeit beschreibt die Eigenschaften eines Hochfremz-Senders/Empfan-
gers fur eine bestehende Basisband-Einheit. Das Gesamtsys kann dann fur
Ubertragungen bei2;6 GHz verwendet werden. Durch Zusammenschalten mehr-
erer gleichartiger Sender bzw. Empfanger kdonnen auch MIMQJ(ltiple Input
Multiple Output) Ubertragungen getestet werden.

Zuerst wird ein Uberblick uber die Entwicklung des Sendersegeben. Anschlie-
yend wird der Aufbau der zweiten Aufwartsmischer-Stufe im Btail beschrieben.
Zum Schluss werden Messungen des entwickelten Senders gmtisrt. Sie be-
schreiben sein Verhalten im Frequenzbereich, bei versdemen Leistungen und
unter verschiedenen Modulationsformaten.



Contents

1 Introduction

2 System Concept

2.1
2.2
2.3
2.4
2.5
2.6

Channel Sounding . . . .. ... ... ... ... ... .. ...

Channel Emulation . . . . .. .. .. ... ... ..........
Equipment Testing . . . . . . . . . . . ... o
MIMO Capability . . .. . ... ..

Concept Summary . . . . . . ...
Remarks on the Baseband Processing Unit . . . . ... ... ..

3 Transmitter Concept

3.1

3.2
3.3
3.4
3.5
3.6
3.7

Transmitter Features . . . . . . . . . . . . .. ..o
3.1.1 Variable Output Power and Power Control . . . . . .. ..

3.1.2 Adjustable Output Frequency . . . . . ... ... ..... 1
Overview of the Transmitter Components. . . . . . ... ... .. 10

The Transmitter RF Components . . . . . .. ... .. ......
Transmitter Specication . . . . . . ... .. ... ... ......

Spectral Overview . . . . . . . . . . ]

Double Heterodyne Conversion Concept . . . . . ... ... .. 4

PCB and Microstrip Line Properties . . . . ... ... ... ...

4 Transmitter Section RF2600

4.1
4.2
4.3
4.4
4.5
4.6
4.7

4.8

4.9

RF2600 Section Specication. . . .. .. ... ... .......

Power LevelPlan . . . . . .. . ... ... ... . ... . ..., L1
MiIXer . . . . e 1

Image Rejection Filter . . . . . ... ... ... .. ... ... .
Buer Amplier. . . . . . ...

Switch . . . .
Transmitter Mode OQutput . . . . . . ... ... ... .......
4.7.1 Power Amplier. . ... ... ... ... ... .. ..

4.7.2 Directional Coupler . . . . . . .. ... ... L. :

47.3 Power Detector . . . .. . . .. . ...

Test Mode Output . . . . . .. ... ... ... ... ... :

481 Specication. .. .. ... .. ... ... e
4.8.2 \Variable Attenuator . . . . . . . . . ...

4.8.3 PowerDetector . . ... ... ... . ... .0 | 3

RF2600 Section PCB . . . . . . . . . . . . . ... ...




Contents

5 Performance Measurements 35
5.1 Frequency Response . . . . .. . . . . . .. .35
5.2 Output Power and Power Compression . . . . .. ... ...... 40
5.3 Intermodulation . . . . ... ... ... . 42
5.4 Harmonics and LO Drive Power . . . . ... ... ........ 47
5.5 Error Vector Magnitude . . . . .. ... ... L 150

6 Summary 56

Acknowledgments 58

Bibliography 59

List of Abbreviations and Symbols 61

List of Figures

63
List of Tables @



Chapter 1

Introduction

In telecommunications one seeks to carry a message from oménpto another.
The message is either analogue, digital or a digitized vessi of an analogue
signal. It is normally encoded in di erent ways before beingransmitted. This is
to ensure reliability, throughput, and safety of the messagand adapt it to the
transportation media. Possible ways of transport include but are not limited
to over the air transmissions, electrical wires, or optich bers.

If you want to design such a telecommunication system you hawo measure
your transportation media rst to be able to make assumptios about it later.
Everything between the transmitting and the receiving sides called the channel
(see Figure 1.1). So one task is to nd out something about thehannel we have
to deal with. This is called channel sounding.

Transmitter
Recaver

Figure 1.1: Typical telecommunication scenario.

Another task arises when you already know your channel and wato build
telecommunication equipment for it. First you simulate boh your device and
the channel. After you have built your device you want to tesit using a speci c
channel setup. To make this measurement reproducible and eient a channel
emulator is needed.

If you only have a receiver or a transmitter you need a referea transmitter
or a reference receiver respectively to test your DUT This can be useful if you
want to expose your DUT to di erent scenarios, to test it for ompliance with a
standard, or during production to ensure functionality andquality of function.

1Device Under Test



1 Introduction

Traditionally, a signal is transmitted over a single antena and received at an-
other point with a single antenna. Nowadays antenna arraymd becomes
more and more important. You not only have a single transmigm channel but
several parallel ones using multiple transmitters, recesvs, and antennas. The
information is spread over these chann@lsusing specially designed algorithms.
The algorithms and their parameters depend on the assumptie you make of
the channels and the information you obtained from them.

This work is dedicated to over the air transmissions or emuian of correspond-
ing channels. The equipment described does not depend on @& encoding
technique or type of message. Hence this diploma thesis does focus on a
single transmission standard but stays on a more general é&v

In this diploma thesis | will rst illustrate the scenarios mentioned above in
more detail. A exible system concept will be introduced whih can satisfy all
of them. It consists of a baseband processing unit, mlﬁansmitter, an RF
receiver, and multiple local oscillators. These componenivill be described in
Chaper 2.

In Chapter 3 | am going to describe the RF transmitter for2;6 GHz used in
this system. The transmitter is divided into two parts: a geeral upconverter
to an intermediate frequency 0B47.5 MHz, and a second section which performs
the nal upconversion.

The second part of the transmitter called RF2600 section is the main
part of my diploma thesis. It will be described in Chapter 4.

Chapter 5 presents measurement results of this RF section agllvas of the
complete transmitter.

Chapter 6 sums up the work of this diploma thesis and the regsl

2Multiple | nput M ultiple O utput

SAn m n MIMO system has not only max(m; n) channels butm n although their parameters
are normally not completely independent from each other.

4Radio Frequency



Chapter 2
System Concept

In this chapter | will introduce a system which serves sevdraurposes:

channel sounding
channel emulation
equipment testing

'MIMO capabilities

Such a system has to be exible enough to adapt to these di enerequirements.
In the following sections the objectives will be evolved andescribed in greater
detail.

2.1 Channel Sounding

For channel measurements you need an RF source and an antenaaxcite the
channel on the rst end. On the other end of the channel you ndea second
antenna and an RF receiver to receive the submitted data. Thiway you can
calculate the parameters of the channel on the basis of thecesved data. All
those components and their setup are shown |in Figure 2.1.
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Figure 2.1: The RF front end used for channel sounding.



2.2 Channel Emulation

A DSPY/FPGA 2 block generates the signal. It is controlled by a regular com
puter. Although the signal is a complex baseband signal rstit is shifted to an
intermediate frequency by digital upconversion. This intanediate frequency will
be calledf r; and is at 140MHz. Further information will be given in Chapter 3.
After this digital upconversion the signal is converted by &AC? and placed at
the analogue output of the baseband processing unit.

An RF transmitter unit converts the signal from its intermediate frequency up
to the desired channel frequency. It is then transmitted vian antenna over the
channel, received with a second antenna and downconvertedthe receiver.

The output of the receiver is centered at the same intermed frequency of
140MHz. It is sampled with an ADC* and processed with another DSP/FPGA
unit. The results are captured again using a regular computaystem.

2.2 Channel Emulation

To test telecommunication equipment under di erent setups channel emulator
is needed. Such an emulator allows for fast changing and éaseproducible
setups.
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Figure 2.2: The RF front end used for channel emulation.

To evaluate the performance of a transmitter and a receiveDUT T and
DUT R), a setup as shown in Figure 2.2 can be used. In betweehdse DUTs
an RF receiver performs the downconversion of the receivedysal to a lower
intermediate frequencyf ;. At the intermediate frequency the signal is sampled
and digitalized with an ADC. The channel is emulated via a DSFFPGA unit

1Digital Signal Processor
2Field-Programmable Gate Array
3Digital to A nalogue QGnverter
4Analogue to Digital C onverter



2.3 Equipment Testing

which is controlled by a computer. The input signal to the trasmitter is again
generated by means of a DAC at an intermediate frequeng)s; . The transmitter
sees about the upconversion back to the RF frequenéyr. This is the input
signal to the DUT R.

2.3 Equipment Testing

During development of a new telecommunication device noriiyaonly one side
of a radio link is available or under development at a time. Té other component
has to be emulated by a exible RF front end augmented with theight base-
band processor. The setup used to emulate the transmitter oeceiver can also
accomplish emulating a channel to drive the DUT to its limits

During production of telecommunication devices they haveotundergo quality
tests which ensure function and ful llment of standards. Tls can not be achieved
by or can not be e ciently achieved by simply setting up bot h sides of a radio
link. In this case again one side has to be a exible RF emulatorFigure 2.3
shows such a setup.
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Figure 2.3: The RF front end used for test measurements.

The setup in Figure 2.3(a) emulates a transmitter with corrgponding channel,
while the setup shown in Figure 2.3(b) is the dual receiver arfator for an existing
transmitter.

They consist of the same components introduced in Sectiorl2. This time
there is a device under test which is either directly conneatl to the transmitter
or the signal is passed to it via an antenna close to it as showmthe gure.

2.4 MIMO Capability

All scenarios described above deal with a single channel. Agsible expansion is
to allow for multiple channels as needed for MIMO communicains. Figure 2.4



2.5 Concept Summary
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Figure 2.4: The RF front end used in MIMO applications.

shows such a scenario. Only a transmitter is depicted. Thercesponding receiver
can be easily constructed based on the components required the transmitter.

The same components as earlier described in Section 2.3 dfidure 2.3(a)
are shown. Here not only one baseband source and one RF trartseniare used
but several. Both baseband processing unit and transmitte are built in a
modular way and can be easily combined to a MIMO device. Theyare a local
oscillator or rather a set of local oscillators which will be further explained in
Chapter 3.

If the signals at the intermediate frequency r; are synchronized and the RF
transmitters are fed by local oscillators with the same fragency and phase then
the input signals to the RF transmitters are in phase and this W not be lost
at the outputs. Several antennas can be supplied with sigrsabnd allow for true
MIMO experiments or measurements. In the following chapten will only discuss
a single channel without loosing the aspects necessary fofNWO capability.

2.5 Concept Summary

Figure 2.5 shows the complete setup. A computer controls thaseband process-
ing unit. If more baseband processing units are used in a MIM&etup, up to
eight of them can be combined in a single 19" case to ease hamglland power
supply. Then a separate device synchronizes them.

The upper two devices form the RF front end. Each transmitter nit is respon-
sible for one antenna. Again eight units can be combined in er19" housing. As
will be explained in Chapter 3 two local oscillators are need for the upconver-
sion. Each of these synthesizers is followed by a 8-times goveplitter. So one
local oscillator device can be used for eight transmitters.

Each connection shown in Figure 2.5 actually is not a singlenection but
can be multiple parallel connections for di erent antennasOf course the single
antenna symbol shown is then multiple physical antennas ooonections to the
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2.6 Remarks on the Baseband Processing Unit
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Figure 2.5: The complete system.

receiver side. In the standard con guration each of the 19"dseband and trans-
mitter housings holds up to eight units as explained above.his can be extended
by using another set of transmitters and baseband procesgimnits. Synchro-

nization unit and local oscillators can be extended respeatly. This allows for

up to 8 8 =64 antennas on the transmitter side.

On the right side of the gure the whole processing runs in thepposite di-
rection. Multiple antennas are connected to multiple receers. Again there can
be between a single and 64 antennas. The baseband processmigs are of the
same kind as the one used on the transmitter side.

2.6 Remarks on the Baseband Processing Unit

The baseband processing unit used in the scenarios desalilabove is sometimes
shown as a signal source or a receiver at the intermediate duency f ;. It
actually consists of a ADC, a DSP/FPGA unit to perform the digtal processing,
and a DAC as shown in Figure 2.6.
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Figure 2.6: The complete baseband processing unit.

When used as a signal source it can generate a signal by meanghefDAC.



2.6 Remarks on the Baseband Processing Unit

In a di erent setup it is used to sample an external source. Tik data then can
be altered in any way e.g. similar to a channel emulator bedre it is converted
back to an analogue signal by the DAC.

The baseband processing unit is controlled and superviseg¢ B computer.
Since the RF front end has several adjustment and setup paratees as well,
those can either be controlled by the same computer or by mesaof the baseband
processing unit.

The RF front end does not depend on the baseband processingtumit can
be operated autarkic. An external signal source with an outg at the rst
intermediated frequencyfr; is su cient. It can be directly connected to the
input of the RF transmitter. The same is true for the receiver isle. Actually
all measurements presented in Chapter 5 have been taken vath the baseband
processing unit but with standalone signal generators.



Chapter 3

Transmitter Concept

In Chapter 2 a concept for a system was introduced which alledor exible RF
measurements or channel emulations. It consists of a basetigprocessing unit
working at a low intermediate frequency and an RF front end. Té RF front
end falls apart into three di erent units: a transmitter, a receiver and a local
oscillator unit.

This diploma thesis focuses on the transmitter. The transrtier has di erent
purposes. To ful ll them and to be more exible a double hetevdyne conversion
concept was chosen. In this chapter a general concept for tbemplete trans-
mitter will be presented. Chapter 4 then describes the seoti of the transmitter
which performs the second upconversion.

3.1 Transmitter Features

To be exible enough the transmitter o ers the following fedures:

variable output power between 90dBm and +13 dBm
transmitter and test mode output

output power control loop

adjustable output frequency ( 100MHz and in bands)

double heterodyne conversion

3.1.1 Variable Output Power and Power Control

There are two outputs. One acts as a transmitter mode output ith a maximal

power level of+13 dBm. Internally the signal power can be attenuated two times

by up to 30dB, resulting in a minimal output power of 47dBm. This output

can be directly connected to an antenna to allow for over theraransmissions.
The second output oers 10dBm maximal power, but has a third 30dB

variable attenuator. The minimum power level for this outpu is therefore below
90dBm.



3.2 Overview of the Transmitter Components

At each of the two outputs there is a power detector which supies feedback
to the variable attenuators via a micro controller. This cotrol loop leads to a
well regulated output power.

The variable attenuators are located before and after eaclpconverting mixer.
This minimizes the crosstalk since the attenuation happeret di erent frequen-
cies and results in good isolation even at high attenuatoruels.

3.1.2 Adjustable Output Frequency

The transmitter is designed to accept input at an intermedite frequencyf g, of
140MHz. By means of double heterodyne conversion the nal radivequency
fre is reached. This method requires two local oscillators. Thest operates at

a xed frequency. The second one can be tuned in a range of aboulO0OMHz.

This allows to select the required output center frequencirr by means of the
second local oscillator.

If another output frequency band is required only the secondpconversion
stage has to be redesigned. The rst stage called GHz section is left un-
changed. The result is a selectable output frequency in balis. Since the second
stage called RF2600 section is located on a dierent PCB it can even be
replaced at a later time.

3.2 Overview of the Transmitter Components

The transmitter consists of several logical and physical stons. This is illus-
trated in Figure 3.1.

Two di erent PCBs are mounted atop of each other. The rst hasapproxi-
mately euro card format. This allows for easy vertical mounting in a standard
19" housing with 3U heighf. It carries the rst upconversion stage from the
low intermediate frequencyf r; to the higher second intermediate frequenchyg,
with nearly 1 GHz. This will be explained in the next section.

Besides the rst upconversion this base PCB has to ful Il otler duties as well.
A micro controller is located near the right edge. It is a MSP30F169 from
Texas Instruments. Its purpose is to control the individualcomponents on the
RF path like the variable attenuators (Section 4.8.2) or set# the output port
(sections 4.6 and 4.7.1). It also receives the analogue D@easurement signals
from the power detectors (Section 4.7.3). On the other sidehias a serial interface
to the baseband processing unit or a separate computer. Lastit not least it

1Printed Circuit B oard
2160mm  100mm
31U = 44:45mm
4Direct Current

10



3.3 The Transmitter RF Components

BasePCB = I_
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Figure 3.1: Overview of the transmitter components.

controls status LEDS on the front panel to indicate the active output and the
transmitter status to the user.

At the left side of the base PCB there are ve SMA RF connectors to the
front panel. On the right side there is a multipin connector ¢ the back plane.
This connector carries the transmission lines of the microontroller to the rear
panel as well as is the power supply input. Four di erent voliges are available:

12V, and 5V.

The second PCB takes care of the second upconversion to thealnRF fre-
quencyfre. The purpose of this PCB is the topic of Chapter 4.

3.3 The Transmitter RF Components

The so far presented features result in a structure as shownkigure 3.2. It shows
the two upconversion stages. After each mixer there is a bapaks Iter which
suppresses the components at the image frequency as well Bghe remaining
input signal, local oscillator and its harmonics. At the inut to the transmitter
another lter is needed since the signal coming from the basand processing unit
still carries its harmonics from the digital to analogue corersion done at the end
of the signal chain in the baseband processing unit.

At the end of the diagram you can see the switch and the two outs explained
in Section 3.1.1. About the right half of the gure is delimiied with a dashed
line. This is the RF2600 section which is the main work of tig diploma thesis
and will be explained in Chapter 4. Not shown in the gure are lie variable

SLight Emitting D iodes
6SubMiniature version A (connector)

11



3.4 Transmitter Speci cation
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Figure 3.2: Block diagram of the transmitter.

attenuators and the necessary bu er and power ampli ers. Tay will be presented
and discussed in Chapter 4 as far as they are part of the RF2608ection.

3.4 Transmitter Speci cation

The transmitter discussed in this diploma thesis operatest @ nominal output
frequency of2;6 GHz. It expects its input signal at the intermediate frequeny
firr of 140MHz. After two upconversions the output frequencyf e is between
2500 and2700MHz.

Transmitter

fRF =2600 100MHz
f||:1 = 140 MHz

IF1

BW,r; = 40 MHz ———p —>@ RF

_ > P, = +13 dBm
P = 2dBm ? ? » P,= 10dBm

Lo1 | Loz |

Figure 3.3: Speci cation of the transmitter.

Figure 3.3 gives a graphical representation of the speci ttan of the transmit-
ter. At the input the maximal signal bandwidth speci ed is 40MHz. After the
input there is a bandpass Iter with a 3dB bandwidth of 56 MHz as can be seen
in Figure 3.2. This lIter sets the actual 3dB bandwidth of the system. The
nominal input power level is 2dBm.

12



3.5 Spectral Overview

The speci cation for the output is obtained by combining thefeatures presented
in Section 3.1. This includes the output frequency and fregmcy range and the
power levels for each of the two outputs.

3.5 Spectral Overview

The input signal to the transmitter is centered at140MHz as speci ed in Figure
3.3 and illustrated in Figure 3.4(a) on the left. As explaing above there are two
local oscillators. The rst one LOL1 resides atl0875 MHz. After the frequency
conversion of IF1 by means of LO1, this results in a lower sid@nd around
9475MHz and an upper sideband around.2275MHz. The upper sideband is
suppressed by the rst image rejection Iter. The lower sidband is passed with
a bandwidth of 56 MHz. This is the input to the RF2600 section at the second
intermediate frequencyf g, as shown in Figure 3.4(b).

140 9475 1227,5
IF1 IF2 LO1|m1
il i
! \\ // \\ H
| ] ] >
1087,5 f/ MHz
(a)
605-805 947,5 2500-2700
Im2  IF2 LO2 RF
. = s 1 0
mm / | U PR / m..m\‘
1552,5-1752,5 f/ MHz

(b)

Figure 3.4: Spectral overview of the transmitter.

The second local oscillator LOZ2 is variable. It is allowed tbe set anywhere be-
tween 1552,5 and 7525 MHz minus half the bandwidth of the input signal. Again
after the mixing process a lower and an upper sideband arisghis time there is
no speci ed constant center frequency since the LO2 is not ed. Figure 3.4(b)
takes this into account and shows the sidebands based on thenimal and max-
imal LO2 frequency. This time the upper sideband is allowedtpass the second
image rejection lter. This transmit Iter has a bandwidth o f 200MHz.

In agreement with Figure 3.4 the nal output signal is a spectlly inverted
and shifted version of the input signal. The inversion is a sellt of rst letting
the lower and then the upper sideband pass the BPFEsThis is no problem since
it can easily be compensated for in the baseband processingtu

“Band Pass Fiters

13



3.6 Double Heterodyne Conversion Concept

3.6 Double Heterodyne Conversion Concept

One can perform a single conversion from the low intermed&frequencyf ; of
140MHz to the nal output frequency frr between 2500 an®700MHz. A low
side local oscillator withf o = 2460 MHz is needed to achieve an upper sideband
at 2600MHz. The lower sideband is then aff,, = 2320 MHz. At the output of
the mixer there is also the crosstalk from the local oscillat input. The distance
betweenf,, andf g is approximately 5™ of an octave andis3" of an octave for
fLo and fge. An image rejection Iter has to suppress both the lower sidend
and the remaining local oscillator at these short distances

Further more the output should not be xed but tunable betwee& 2500 and
2700MHz. The local oscillator needs a tuning range c200MHz which would
result in a frequencyf o from 2360to 2560MHz. This overlaps with the output
frequency range. A suitable transmit Iter is not possible dr this arrangement.
Similar gures are obtained if a high side L3 is used from2640to 2840MHz.

If a double heterodyne conversion concept is chosen as ilfated in sections 3.4
and 3.5, there is a second intermediate frequen€y, at 947.5MHz with a rst
LO at fi o1 = 1087;5MHz. This time the distances betweerfr, and the un-
desired outputs of the mixerf,, 1 and f o, are larger: approximately =™ and
=™ of an octave respectively. Image rejection lters with su dent suppression
in this distances are more easily available. Since the rsbtal oscillator can now
be at a xed frequency there is no longer a problem with oventa

At the second upconversion the distance between local otaibr LO2 and the
upper sideband aff r¢ is now9475 MHz which is more than one half of an octave.
Transmit Iters with  200MHz bandwidth and reasonable suppression at those fre-
guencies are again better obtainable. Furthermore only th&econd upconversion
stage has to be redesigned if there is need for another outgrgquency. This has
already been mentioned in Section 3.1.2.

3.7 PCB and Microstrip Line Properties

In Section 3.2 | described the assignment of the components the two PCBs
and their arrangement. Both PCBs are made of a substrate call FR4. FR4 is
an industry standard substrate and can be handled by any PCB amufacturer.
However the RF properties of FR4 especially its relative perittivity ", are
not standardized and di er from manufacturer to manufactuer. It still can be
used for frequencies belod GHz.

The main parameters of two di erent version of FR4 are given ifiable 3.1. The
rst upconversion stage and the micro controller are locateon FR4 with 1,6 mm
thickness. It is mechanically stronger than FR4 with only0;8 mm thickness and

suited for direct insertion into the 19" housing.

8Local Oscillator

14



3.7 PCB and Microstrip Line Properties

Table 3.1: Parameters of the PCB substrate FR4.

Parameter FR40;8 FR4 1,6 Unit
Substrate thicknessh 0;8 16 mm
Relative permittivity ", 44 47 44 47
Dielectric loss tangenttan 0,014 Q014
Copper plating thickness 35 35 m
Copper resistivity 1,673 1673 cm
50 microstrip line width w for 2,6 GHz 1.4 29 mm

The second upconversion is done on a di erent PCB (again seec8on 3.2).
This time the thinner substrate FR4 0;8 is used. Great mechanical strength is
not necessary since the PCB is smaller and mounted on the b&€B. The main
advantage however is the reduced width &0 microstrip lines.

As transmission lines for the RF signals microstrip lines wihe chosen (see [1]
ch. 4.8, [2], [3] ch. 3-8, or [4] ch. 4.8). They require a contious ground plane on
one side and a simple at conductor with su cient clearance a the other side
as illustrated in Figure 3.5. The ground plane is only interpted for connections
carrying DC signals. For RF signals the characteristic impedhce Z,, of the
transmission line is of great relevanceZ,, is mostly dependant on the height of
the substrate h, the dielectric behavior given by its relative permittivity ", and
the width of the microstrip line w. Since two of these parameters are already

determined by the chosen substrateZ,, can only be selected by varying the
width w.

The inputs and outputs as well as all components of the trangtter have been
matched to 50 . | calculated the appropriate line width of a50 microstrip
line with RF simulation software tools. The results are givern Table 3.1.

Figure 3.5: Parameters of microstrip lines.
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Chapter 4

Transmitter Section RF2600

As previously stated the transmitter described in Chapter onsists of two ana-
logue sections. The second upconversion and nal ampli cain is done in the
RF2600 section which will be described in this chapter.

Figure 4.1 gives a more detailed overview than Figure 3.2. €second upcon-
verter stage and the two output branches can again be seen. Mover the gain
and attenuation blocks are shown.

IF2

LO2

Mix er

Transmitter Mode Output

Bandpass-  Buffer
filter amplifier

Switch

%

N>

->—/_

~
~
o—

Test

15525 -1752,5MHz

A
]
"

Mode Output

Power Directiond
amplifier coupler
—| RF
» X —>
A
! * Pwr.
”C: % Det.
nC
Variable Directiond
attenuator  coupler
——— | RF
» X >
A
! * Pwr.
”C: 4% Det.
nC

2500—- 2700 MHz

947,5MHz |
>

Figure 4.1: Overview of the RF2600 section.
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4.1 RF2600 Section Speci cation

4.1 RF2600 Section Speci cation

To keep the development of transmitters at di erent output fequencies exi-
ble, only the second upconverter stage has to be redesignéithe interface be-
tween rst and second section is therefore clearly speci edrhis is illustrated in
Figure 4.2.

Transmitter
RF2600 Section

fre = 2600 100MHz
f||:2 = 947;5MHz

IF2
BW e, = 56 MHz --->4® RF
» P, =+13 dBm
Pe, = 12dB
2 m T » P,= 10dBm

Loz |

Figure 4.2: Speci cation of the RF2600 section.

An arbitrary signal with 56 MHz bandwidth centered at947.5 MHz has to be
transformed to a higher center frequency in the range of 2,6 2,7 GHz. Strictly
speaking the signal at the IF1 input has only4 0MHz bandwidth. On the other
hand all lters in the 1GHz section have a bandwidth 066 MHz. That is why
here this bigger bandwidth is given. The exact center frequey is determined by
the second external local oscillator. Depending on the aethlinput bandwidth
it can extend to the limits of 2600 100MHz. Hence the bandwidth of the
transmit Iter is given as 200MHz.

As presented in Chapter 3 two outputs with di erent power leels and capabil-
ities allow for a exible use of the transmitter. The low powe test mode output
even possesses an extra variable attenuator.

Both outputs have a connection to a micro controller. A direttonal coupler
shown in Figure 4.1 branches o a proportional amount of powe A subsequent
power detector converts the RF power to a DC voltage which is &m measured
by the micro controller ( Pwr. Det. in Figure 4.1). Then the micro controller
can control the variable attenuators of the rst and secondransmitter section.

4.2 Power Level Plan

Before any earnest design steps can be performed, a poweelglan has to be
developed. It is given in Table 4.1. | started with the speced data given in
Figure 4.2 in the rst line of the table. Each following line gves the data for one
of the components of the RF2600 section.

The objective is to reach the required output parameters gan in Figure 4.2.
For the transmitter mode output the power level plan is docuranted in Table 4.1,
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4.2 Power Level Plan

while the test mode output is addressed in Table 4.4.

The rst column of Table 4.1 gives the center frequency.. As mentioned
above, for the components after the mixer no exact center fjeency can be
given since it is variable and determined by the second extel local oscillator.

Every component is then characterized by its gai and noise gureF. In
most cases the maximum gain was rst considered and later feged by an
actually measured value. The noise guré- is a measure for the degradation in
the SNR! between the input and output of the component ([1] ch. 11.1).

— SNRin - Pin :Nin .
SNRout Pout=Nout

- (4.1)

wherePy is the power of the desired signal whilBl, is the undesired noise power.
Noise gures had not been available for each component. S@an attenuator

with a gain of x dB has a noise gure ofx dB the third column was replenished
with these values for passive components.

Table 4.1: Power level plan for the RF2600 section.

Component fe G F P Fiota

MHz dB dB dBm dB
Input IF2 947,5 -12,0
Attenuator 9475 -0,2 0,2 -12,2 0,2
Balun 9475 -0,8 0,8 -13,0 1,0
Mixer 2600 -0,5 13,0 -135 14,0
Balun 2600 -3,0 3,0 -16,5 14,2
BPF 2600 -1,0 10 -175 144
Bu er ampli er 2600 145 12 -3,0 145
Switch 2600 -15 15 -45 145
Attenuator 2600 -15 15 -6,0 145
Power ampli er 2600 22,0 40 16,0 146
BPF 2600 -1,0 1,0 15,0 14,6
Directional coupler 2600 -2,0 2,0 13,0 146
Output transmitter mode 2600 13,0

The forth column gives the power level at the output of everyamponent. It
has to be taken into consideration as the input power of the fowing component.
Too low power degrades the SNR, whereas too high power drives@mponent
into compression, saturation, or even causes damage.

For each component a presumed noise power level was calcedat It is not
given here. Instead the fth column states the cumulative nise gure Fiy) .

ISignal Noise Ratio
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4.3 Mixer

This is calculated using Friis' formula (see [5] ch. 8.2),

F, 1 Fp 1 Fo 1
G1 Gle Gle Gn 1’

Fl;n =F. + (42)
where F; and G; are the individual noise gures and gains of each of the com-
ponents. After the high noise gure of the mixer the subsequé components do
not contribute signi cantly to the overall noise gure any more.

Figure 4.3 shows a graphical representation of the powrfor both the trans-
mitter and the test mode output. The power for the transmitte mode output
power starts at 12dBm on the left. It decreases with every component up to
the BPF. The bu er ampli er increases the power again. Afterthe switch the
plot splits into two sections. The dashed plot represents thtest mode output
path. Its data is shown in Table 4.4. The top plot shows the cunlative noise
gure for the transmitter mode output. The data for the noise gure of the test
mode output is not plotted since it is almost identical as cabe seen in Table 4.4.

20 T T T T T T T T T T l
(L A ERRMIEE SUSTITLIP O EE FONSR P CRSIEP RO SN ...~ WRSES R
10 EEREE
S st ]
LL
0 N = B S e -
£
m
©
~ _5 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
A0 R > T
‘ ‘ - ‘ ‘ - | =©— Transmitter Mode Output
A5 N )| ==€~= Test Mode Output .
‘ ‘ ‘ ‘ ‘ Noise Figure
220 i i i i i i i i i i i
IF2  Att. Balun Mixer Balun BPF Amp. Switch Att. PA BPF Dir.C.
Switch V.Att. BPF  Dir.C.
Figure 4.3: Power level diagram for the RF2600 section.
4.3 Mixer

The mixer is one of the central elements of the second upcortee stage. It
multiplies the input signal IF2 centered at the second intenediate frequency of
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4.3 Mixer

9475 MHz with the second local oscillator LO2 ([5] ch. 11)

Xout (1)

with XLo2 (t)

Xir2 (t) XLo2(t)

(4.3)
cos(! Loat)=cos(2 f Loz2t) :

While x, carries the information, X, o, is a purely sinusoidal signal. At the
output we obtain the same spectral information shifted to te sum and the dif-
ference frequencies of IF2 and LO2 (see Figure 3.4(b)).xit, is also of the form
cos(2f g2 t) the result can be written as

1
Xout(t) = > cos2 (froz + fi2)t +cos 2 (floz fir2)t (4.4)
This leads us to
fre = Loz + T2 and  fimo="fLox fir2: (4.5)

In Figure 4.4 you can see a detailed block diagram of this paot the RF2600
section.

Buffer
Att enuator Balun 1:1 Mixer Balun 4:1 BPF amplifier Switch

Bleasl ¥ *@» E o\ T :
&

Integrated

A
}
}
LO-Buffer |

nC

LO2
15525 — 1752,5 MHz
R HPF

947,5 MHz , 2500 — 2700 MHz
»l >

Figure 4.4: Overview of the second upconverter stage.

The signal at the sum frequencyf gz around 2;6 GHz is the desired output
signal (RF in Figure 3.4(b)). At the di erence frequency aromd 705MHz lies
the image frequencyf .. It is suppressed by a bandpass lter that will be
described in Section 4.4.

For the mixer | chose the LT 5521 by Linear Technology [6]. Asao be seen
in Figure 4.4 it has an integrated bu er ampli er for the loca oscillator input.
It has di erential inputs and outputs. Therefore BALUNs? are needed. The
transformer at the output is also used as an 4:1 impedance eerter.

2BAL anced - UNbalanced converters
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4.4 Image Rejection Filter

The local oscillator is located in a separate device. At itsubput it has a
lowpass lter for suppression of harmonics. On the input ofite RF2600 section
there is another Iter. Some part of the IF2 input signal stil exists at the LO2
input. To further decrease this undesired fraction and thefore increase the
isolation between IF2 and LO2 input there is this second Ite a highpass lter.
It helps to decrease the crosstalk from one transmitter bodrto another one or
a receiver which is connected to the same local oscillatofBhis results in better
decoupling of two channels. The HP¥can be seen in Figure 4.4.

In front of the mixer | placed an attenuator. It is a -style type which can
be easily short circuited with anO resistor when not needed. Its purpose is
to allow for power level adjustment in order to ful ll the requirements of the
subsequent components.

To check the gures given in the data sheet [6] a test PCB was bt and
assembled (see gures 4.5(a) and 4.5(b)). The whole block omsisting of the
two transformer BALUNs and the mixer has an insertion loss ©3;2dB and its
0;1dB compression point is a6;4 dBm input power. The IF2 band is suppressed
by 17dB, the LO power and the power of its2"® harmonic are 48dBm and

12dBm respectively at the output.

(@) (b)

Figure 4.5: Layout with part outlines and assembled test PCBf the mixer.

4.4 Image Rejection Filter

After the mixer there are several frequency components. Thiesired radio fre-
guency bandf g, the image frequency |, », a not well suppressed local oscillator
fLoz2, as well as further undesired harmonics of the intermediateequency and
LO1 and LO2 (see also the measurements described in Sectiof)5 The im-

3High Pass Filter
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4.5 Buer Ampli er

age rejection lter is a bandpass Iter designed to suppresall those undesired
components.

| chose a 3-pole dielectric cavity Iter from NTK [7]. Its frequency response can
be seenin gures 4.6(a) and 4.6(b). It has a low insertion leof only1;,0dB and a
3dB bandwidth of 197MHz around its center frequency o2608MHz. It is easily
available for a reasonable price and has a small footprinttsimain disadvantages
are that its bandwidth does not allow for the full200MHz transmit bandwidth
and its ripple in the pass band.

0

-20

-40

-60

jS21j / dB
iS21j 1 dB

-80

0 1 2 3 4 5 6 2,4 2,6 2,¢
f / GHz f /| GHz

(@) (b)
Figure 4.6: Frequency response of the NTK MFE2593CCF21 lte

Both the bandwidth and the ripple can be increased and decreed respectively
by replacing the Iter by another custom made Iter. This allows for a higher
pole count and for a exible positioning of the poles. Such ters can be easily
designed with software from di erent manufacturers (see [&r [9]). On the other
hand such lters have long lead time and high setup costs.

One could also combine a lowpass and a highpass lIter to formbaoad band-
pass lter. Such a combination of o -the-shelf Iters has ben tested. It resulted
in a higher insertion loss and relatively speaking hough bBndwidth. As can be
seen in Figure 4.6(a) the chosen Iter from NTK has a second pa band near the
3 harmonic of the local oscillator LO2. The combination of lopass and high-

pass lIter does not have a second pass band in this spectragien. It therefore
can be considered as a good alternative.

4.5 Buer Ampli er

Before the RF signal carries on through the next parts of the RE600 section
its level is increased. As bu er ampli er | chose a MGA61563rém Agilent [10].
It has a gain of16dB in the desired frequency range. 1t4 dB compression point
P.qe and 3 order intercept point IP; are at 16dBm and 32dBm output power
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4.5 Buer Ampli er
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Figure 4.7: Schematic of the bu er ampli er.

respectively. To reach these values it needs a good input rohing network. The
schematic of this network is shown in Figure 4.7 on the leftde. Figure 4.8 shows
the corresponding Smith Chart (see [1] ch. 3.4, [4] ch. 2.2).

The complex input impedanceZ, of the buer amplier is 255+2;6f at
2,9GHz. The position for this impedance is marked in Figure 4.7The corre-
sponding re ection coe cient % is calculated using

oo 2720 1_2 1
0= - 1
Z=Zp+1 z+1

(4.6)

wherez is the normalized complex impedance related to the characigic impe-
dance of the systenZ, = 50 . This re ection coe cient is the starting point
for the matching network. It is also marked with the labelz; in the Smith Chart
shown in Figure 4.8. A microstrip line with50 is added. This corresponds to
walking on a circle with constant magnitude of the re ectioncoe cient ( % const)
in the Smith Chart in clockwise direction. After 31,2 electrical length we reach
the circle where the normalized conductance equals <1). This is marked with
Z,. The physical length of such a microstrip line ig;8 mm on the PCB substrate
used as can be seen in the schematic. A shunt capacitor is addeth a value
of 0;8pF. Such a capacitor corresponds to walking on a circle withonstant
conductance, changing only the susceptance. The matchingipt with %= 0 is
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4.5 Buer Ampli er

| =—— Si1 for2 3GHz
—— Matching Network

0,0 f------S ~3 ¥

41,0

Figure 4.8: Smith Chart of the input matching network for thebu er ampli er.
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Figure 4.9: Input match and gain of the bu er ampli er.
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4.6 Switch

reached (labelz; in the gures) for this frequency. The resultingS;; is shown in
Figure 4.9(a).

At the output the bu er ampli er is already properly matched . It only needs
a simple biasing circuit. This is shown in Figure 4.7 on theght side. It consists
of a resistor to set the bias current and an RF choke combined tvia shunt
capacitor. At 5V supply voltage the bias current chosen iSOmA.

Last but not least | placed DC blocking capacitors at the inptiand output.
This is to decouple the DC bias voltage from the preceding aridllowing circuits.

The buer amplier is used in a frequency range from 2500 td®2700MHz.
However the matching network described above is designed 2000MHz. One
major problem with the ampli er chosen is its declining gainwith increasing
frequency. This can be compensated for by shifting the resamce frequency of
the matching network. This is the reason why the matching netork has not
been designed foP600MHz. An optimum shift was chosen between maximal
atness of the frequency response and best matching. The witsis shown in
Figure 4.9(b). It is clearly visible that the slope is less d#ined in the region of
interest than in the remaining range.

4.6 Switch

The RF2600 section has two RF outputs. The HMC232 from Hittie [11] allows
to switch one input to one of two outputs. Those are the transitter mode output
described in Section 4.7 and the test mode output described $ection 4.8. The
key parameters of the device are given in Table 4.2.

Table 4.2: Speci cation of the switch.

Parameter Value Unit
Frequency range 0 8 GHz
Negative supply voltage 5V
Positive supply voltage 0V
Insertion loss 1,3 dB
Isolation 51 dB
Return loss 17 dB

As external components it only needs a DC driver and level dter circuit.
This circuit is based on a logic device (74HC04) augmentedtivia zener diode,
a resistor, and some blocking capacitors and is shown in Figu4.10(a) at the
bottom. The resulting layout for the test PCB is shown in Figue 4.10(b). The
inputs and outputs are labeled with the signal names as used the RF2600
section.
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4.7 Transmitter Mode Output
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Figure 4.10: Schematic [11] and layout with part outlines ahe RF switch.

4.7 Transmitter Mode Output

After the switch one branch leads to the transmitter mode ouydut. It delivers
+13 dBm power at a50 SMA connector and can be directly connected to an
accordingly matched antenna. Figure 4.11 gives an overvievits speci cation
has already been given in Section 4.2 and Table 4.1.

Power Directional
Att enuator amplifier BPF coupler
—— | Transmitt er mode output
_|->—|:|—-> La > X >
N ol -l +
> A

> > —»>

- D

Slaans
<--- Detedor Level ADC

diode  adjustment inside nC
Power supply

wit h shutdown
2500 — 2700 MHz

Figure 4.11: Overview of the transmitter mode output branch

The transmitter mode output consists of a power amplier wih a trailing
bandpass lter. The Iteris again a NTK MFE2593CCF21 as eaier described in
Section 4.4. At last there is a directional coupler which allvs to draw out a frac-
tion of the signal and measure its power level. This is deslsad in sections 4.7.2
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4.7 Transmitter Mode Output

and 4.7.3. Measurement of the power level allows for feedkdo the rst trans-
mitter section or the baseband hardware. The variable atterators can then
regulate the output power.

In front of the power ampli er there is another -style attenuator. It has a
similar purpose as the one before the mixer and is normally @t circuited with
a 0 resistor. If the transmitter mode output is not needed at allit does not
have to be equipped with components. The attenuator is thensed with a50
shunt resistor to terminate the switch.

4.7.1 Power Amplier

As power ampli er | chose the MGA83563 from Agilent [12]. It eeds only a
single supply voltage of+3 to +3;3V. A low drop voltage stabilizer is used to
reduce the supply voltage from#5 V. It has a built in shutdown option which

can be used to turn o the power ampli er. This is useful if thetransmitter is

in standby mode or the test mode output is used. The voltage galator and

shutdown switch can be seen in Figure 4.11.

The MGA83563 is a two stage ampli er. Its key gures are givein Table 4.3.

Table 4.3: Speci cation of the power ampli er.

Parameter Value Unit
Frequency range 0,5 6,0 GHz
Supply voltage 30 33 V

Small signal gain 22,0 dB
Saturation output power +22,0 dBm

Output power at 1 dB compression point +19,2 dBm

Since it does not need a matching network at input or output,tiis easily set
up. Only a inductor is needed to complete the impedance mattietween the rst
and the second stage. It is not current-biased but voltageidsed, so connecting
the supply voltage in series with an RF choke to the ampli er isu cient.

The most critical design step with setting up this power ampler is the correct
decoupling of the two stages and bu ering of the supply volige. Several di erent
capacitors where needed to eliminate potential oscillato

4.7.2 Directional Coupler

The directional coupler has a coupling factdrof 6;5dB and a directivity of 23dB.
It is a bidirectional coupler called BDCA1-7-33 from Mini-Grcuits [13]. As a
consequence the backwards coupling branch has to be termet with a 50

4see [1] ch. 8.1
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4.7 Transmitter Mode Output

resistor. The forward output can be terminated with a resisir too to deacti-
vate the power sensor. However, normally it delivers a prog@mnal signal with
maximal +8 dBm for the transmitter output branch to the power sensor.

4.7.3 Power Detector

The power detector delivers the feedback signal to the microntroller. This
is used to control the output power via the variable attenuatrs located on the
rst transmitter section. It is neither a peak power detecta nor a true averaging
sensor. It is rather a short term averaging sensor.

Detector Diode

As detector diode | chose an HSMS286K from Agilent [14]. It ia small out-
line (SOT363) Schottky detector diode optimized for the us&éom 915MHz to
58 GHz. Two well isolated diodes with similar parameters are éated in the
same housing.

The diode can either be used directly (i.e. zero bias) or witBC bias. Two
diodes can be combined with a di erential ampli er for bette temperature com-
pensation. Here this approach together with biasing has be¢aken.

Biasing and Di erential Ampli er

The bias current for the diodes is set using a reference vaj@and a series resistor.
According to [15] the current should be chosen in the rangeoin 3 Ato 30 A
for maximal output voltage. To get better tolerance from theinput current of
the subsequent di erential ampli er | chose a slightly larger value of42 A.

A resistive input matching network has been used. For the di in the ref-
erence path of course no matching network is needed. The irence of this
di erence was neglected.

The di erential ampli er is built up using the easily available operational am-
pli er TLV272 from Texas Instruments and a feedback networkwith resistors. It
serves as a di erential ampli er as well as a subtraction cauit of a small o set
voltage. This o set is necessary to reach suitable output rayes. In this rst
ampli cation stage only a small gain of 1,67 is set.

Level Adjustment

After the rst di erential ampli er a second operational am pli er of the type
TLV272 is used to set the nal output range. It does not have tcadd a further
voltage shift, nor does it have to take any o set current prokems into account.
For the transmitter output branch the cumulative gain of rst and second am-
pli er is set to 2,8.
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4.7 Transmitter Mode Output
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Figure 4.12: Layout and assembled test PCB of the power detec

At its output the power detector circuit delivers a voltage fom 0 to 3V to the
ADC located inside the micro controller. The maximum input pwer of+8 dBm
results in a output voltage near3V. The correlation between input power and
output voltage is not optimized to be logarithmic or correspnding to the square
law of the diode. However it is monotonous. The micro contrelr has to take
care of the correct translation from measured voltage to ietpreted power level
(e.g. by means of a lookup table).

All described components where rst combined onto a test PCBThe resulting
layout is shown in Figure 4.12(a). Figure 4.12(b) shows thenal PCB where
measurements have been taken.

Figure 4.13(a) gives the relation between input power and tput voltage of the
complete power detector for the transmitter mode path and th test mode path
which will be described in Section 4.8.3. Since the power dhae measured on a
logarithmic scale Figure 4.13(b) illustrates the same rdian as Figure 4.13(a) in
a logarithmic way. An o set voltage of Uy = 0;09V has been compensated for
in this gure. The ripple in the low power range of the plot forthe transmitter
mode output is due to the coarse resolution of the measurenmeqguipment during
this measurement.
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4.8 Test Mode Output
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Figure 4.13: Output voltage as a function of input power fortie power detector.

4.8 Test Mode Output

Beside the transmitter mode output there is the test mode brach. Its purpose is
to allow for a direct connection to a receiver or an externalgwer ampli er stage.
Figure 4.14 gives an overview of this branch. In contrast tde transmitter mode
output you cannot see a level adaption attenuator nor anotmempli er. Instead
it allows for variable attenuation described in Section 4.8.

4.8.1 Speci cation

Table 4.4 gives the detailed power level plan for the test medoutput. It starts

with the output of the switch which is directly taken from Table 4.1. The goal
of this branch is to achieve 10dBm maximum power at its output and to allow
for further variation of the level.

30



4.8 Test Mode Output
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Figure 4.14: Overview of the test mode output branch.

Table 4.4: Power level plan for the test mode branch of the RE®O section.

Component fe. G F P Fotal

MHz dB dB dBm dB
Input from switch 2600 -45 145
Variable attenuator 2600 -25 25 -7,0 14,6
Bandpass lter 2600 -1,0 1,0 -80 14,6
Directional coupler 2600 -2,0 2,0 -10,0 14,6
Output test mode 2600 -10,0

4.8.2 Variable Attenuator

Instead of a xed attenuator the test mode branch has got a vaable attenuator.
It is a HMC 346 from Hittite [16]. This is the same device as ugeon the 1 GHz
section of the transmitter. It gives you the possibility of30dB attenuation.

For external components it needs an high speed operationainpli er used
in a regulation loop. With this circuit it can convert a control voltage of O to

3V into an attenuation of 0 to 30dB. The resulting schematic is shown in
Figure 4.15. Again a test PCB was built up as illustrated in Fgure 4.16.

Table 4.4 only gives the parasitic attenuation of this deve. If attenuation is
switched o the desired output power of 10dBm for this output path can be

achieved.
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4.8 Test Mode Output
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4.9 RF2600 Section PCB

4.8.3 Power Detector

As can be seen in Figure 4.14 after the variable attenuator ¢ine are another
bandpass Iter, directional coupler and power detector. Thse blocks are almost
identical to those in the transmitter mode output branch andhave already been
described in sections 4.7.2 and 4.7.3.

The power detector of course needs to be adjusted for the dient power range.
This is accomplished by di erent values of the o set voltagen the rst stage and
the gain in the second ampli er stage. The gain of the level aastment ampli er
is set to 44. This means that a maximum input power to the powedetector of

15dBm is converted to an output voltage of slightly less ther8V. The exact
value is uncritical since its interpretation is again left © the micro controller and
a lookup table. Figures 4.13(a) and 4.13(b) again show the amurement results
of the complete power detector without the micro controller

4.9 RF2600 Section PCB

All components described so far were combined on a single PCBhis is then
mounted atop the base PCB as described in Section 3.2. SeVaradi cation
where necessary compared to the test PCBs described in theeyious sections.
They a ected the routing and stabilizing of the DC power suppy.

Figure 4.17 shows the nal layout of the RF2600 section PCBSpecial care
has been taken on the positions of the SMA connectors. The tams determine
the routing of the semi rigid cables to the front panel of theransmitter. When
the RF2600 section is redesigned for a di erent output fregency band, a change
of all those cables is not required. Figure 4.18 shows the hassembled PCB
which measured parameters are given in the next chapter.
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4.9 RF2600 Section PCB

RF 2.6 GHz

Figure 4.17: Complete layout and part outlines of the RF2600section.

Figure 4.18: Photo of the RF2600 section PCB.
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Chapter 5

Performance Measurements

The transmitter as described in Chapter 3 consists of two aalogue parts.
The second upconversion stage the RF2600 section des@tin Chapter 4
has been characterized by measurements which will be presehin this chapter.
Further, several measurements have been performed on thengete transmitter,
which will also be presented here.

Measurements have been taken using a vector network analyz vector spec-
trum analyzer, and di erent signal sources. All of these irteuments have a GPIB!
connector or a similar interface by means of LAN Using these interfaces they
can be remotely controlled from any PC. Matlab [17] has beersed as a high
level programming language to send the correct commands tbet instruments
and read out the measurement results.

5.1 Frequency Response

The frequency responses of the RF2600 section and the coetpl transmitter
have been measured using a 4-port VNPAas shown in Figure 5.1. It has two
individual signal sources, so one can be used as the inputrgijand the other
one as the second local oscillator. An external signal geatar has to be used as
the rst local oscillator input for measurements on the comlete transmitter. It
is remote controlled by the VNA using GPIB. Figure 5.2 showshis setup. The
DUT shown is the RF transmitter unit equipped with four complde transmitter
cards.

Figure 5.3 shows the frequency response of the RF2600 sewstPCB. The
second local oscillator LO2 is xed aff .o, = 16525 MHz while the input signal
is swept. Both input and output frequencies are given on tle horizontal axis.
The frequency range shown is extremely large since the maxilhy allowed input
bandwidth is speci ed with 40MHz. Consequently the slope in the upper range
is no problem. The transmitter mode output has a gain 026;4 dB while the test
mode output has a gain ob;9dB.

LGeneral Purpose Interface Bus (IEEE 488)
2Local Area Network
3Vector Network Analyzer
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5.1 Frequency Response

GPIB flLo1 = 1087;5MHz

f|_02 = 15525
O 17525 MHz
S |
> 0
O

|

|

|

SR r-=NE
Nt )

Transmitter

>—» O oooo

LO1 |LO2
fir fre
rIFl IF2 RF

Figure 5.1: Block diagram of the setup for measuring the freg@ncy response of
the complete transmitter.

Figure 5.2: Photo of the setup used for measuring the compéetransmitter.

The gain is a function of the chosen output center frequencyybmeans of the
second local oscillator. This is shown in Figure 5.4 for theest mode output.
Again both frequencies are given on the horizontal axis. T&itime the input
signal at IF2 is xed while the local oscillator LO2 is swept.The measured range
extends the speci ed range 0200MHz to show the degradation at the edges of
the output band. The variation of the gain is mostly the diret result of the used
transmit lter (also see Figure 4.6(b)).

36



5.1 Frequency Response
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Figure 5.3: Frequency response of the RF2600 section as adtion of the input
frequencyf g, .

Pe = 15dBm, f|_02 = 16525 MHz, Plos = 3dBm
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Figure 5.4: Frequency response of the RF2600 section as adtion of the sec-

ond local oscillator frequencyf .o, for the test mode output.
f||:2 = 9475MHz, P = 15dBm, Plos = 3dBm
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5.1 Frequency Response

While gures 5.3 and 5.4 show the frequency response of onlyethRF2600
section, Figure 5.5 shows the response of the complete tramiger. The plot in
the middle corresponds to the settings used for Figure 5.3.h& other plots show
the frequency response for di erent settings of the seconddal oscillator LO2.
The outer plots extend beyond the speci ed output frequencyange. The fre-
guency range has been split into eleven adjoining bands wi#® MHz bandwidth.
The second local oscillator has been adjusted for each of $kecenter frequencies
and measurements have been taken. The measurements havenbmcatenated
accordingly and the result is shown in Figure 5.6. The dashdithes in the outer
regions show the measurements at the edges of the transmitna

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,

PEe1 / dB
A
o

Prr

X KX

=22
L

i

— fLoz = 16525 MHz 't::.l
b}
————— floz = 15525MHz and 17525 MHz [
—— fLop = 15925MHz and 17125 MHz %
v i
2,60 2,65 2,70 2,7
fRF | GHz

Figure 5.5: Frequency response of the complete transmitter

Since the frequency response is dependant on both input éeency and out-
put frequency | also examined the impact of the bandwidth othe input signal.
The minimal and maximal conversion gain for various input badwidths has been
measured and is plotted as a function of output center frequoey in Figure 5.7.
Table 5.1 gives the results for the higher bandwidths. The send columnfgg
gives the actually measured output frequency range and doest correspond to
the input bandwidth. The measurement for50MHz bandwidth already exceeds
the speci ed input frequency bandwidth. For the maximally dlowed bandwidth
of 40MHz the mean conversion loss of the complete transmitter &3 dB. It has
a maximal variation of 2;2dB although the typical variation is as low asl1;0 dB.
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5.1 Frequency Response
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Concatenated Frequency Respons
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Figure 5.6: Full concatenated frequency response of the qolete transmitter.
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Figure 5.7: Variation of the conversion gain of the complet&ransmitter as a
function of the LO2 frequency and the IF1 bandwidth.
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5.2 Output Power and Power Compression

Table 5.1: Conversion gain and its variation at various LO2réquencied o, and
measurement bandwidth8W for the complete transmitter.

BW = 20MHz 40MHz 50MHz

flLo2 fre G G G G G G

MHz MHz dB dB dB dB dB dB
1552,5 2450-2550 -6,0 1,5 -6,5 45 -6,8 6,8
1572,5 2470-2570 -5,5 0,7 -54 1,0 -54 1.2
1592,5 2490-2590 -5,1 05 -5,0 0,7 -5,0 1,0
1612,5 2510-2610 -45 0,5 -45 05 -45 0,7
1632,5 2530-2630 -4,3 0,8 -43 1,0 -42 11
1652,5 2550-2650 -41 04 -40 0,8 -3,9 1,0
1672,5 2570-2670 -3,5 0,8 -3,6 1,1 -3,7 1,2
1692,5 2590-2690 -39 15 -3,8 2,0 -3,8 21
1712,5 2610-2710 -4,2 0,6 -40 1,3 -3,9 1,6
1732,5 2630-2730 -3,7 0,6 -3,7 1,0 -3,8 1,3
1752,5 2650-2750 -40 2,2 -4,2 3,5 -42 41

5.2 Output Power and Power Compression

The transmitter has two outputs. Figure 5.8 shows the outpupower of the trans-
mitter mode output as a function of the powerPs, into the RF2600 section.
The speci ed nominal input power to this section is 12dBm. For this power
level the output power of+13 dBm is reached. However the output power is not
increasing linearly with the input power any more. For too fgh input power the
output power saturates and reaches the maximal value &, = 16,7dBm.

Figure 5.9 shows the gain for transmitter and test mode outpu Initially the
gain for the transmitter mode output is 26,4 dB as already given in Section 5.1.
As the input and output power reach 12dBm and +13 dBm respectively the
gain degrades. At 13dBm input power it has dropped byl dB which is called
the 1dB-compression point. The output power isl24dBm then (Pigs in Fig-
ure 5.8).

For the test mode output the 1 dB-compression point is not reached until
4;5dBm input power. This is well above the nominal input power ad stands for
the better performance of this RF path.
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5.2 Output Power and Power Compression
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Figure 5.8: Output power as a function of input power for theRF2600 section
PCB measured at the transmitter mode output.
f||:2 = 9475MHz, f|_02 = 16525 MHz, Plos = 3dBm
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Figure 5.9: Gain of the RF2600 section PCB as a function of put power.
f||:2 = 9475MHz, f|_02 = 16525 MHz, PLOZ = 3dBm
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5.3 Intermodulation

5.3 Intermodulation

Intermodulation is the result of nonlinearities in the DUT and its components
(see [5] ch. 9.2.3.2.2, [1] ch. 11.2). Here these are mairthg tmixer, the bu er
ampli er, and the power ampli ers. Traditionally intermod ulation is measured
using two-tone input signals like those shown in Figure 5.(d). They can be
generated using two signal generators and combining theratputs as depicted
in Figure 5.10. Additional attenuators in front of the powercombiner are used
to decouple the two sources. The input frequencids; and f, are chosen close
to each other in a distance f. The measurements presented here use a value
of f = 1MHz, although other values have been used too with similar salts.
At the output of the DUT a signal similar to Figure 5.11(b) is measured with a
spectrum analyzer.

) Spectrum
Sigal Analy zer
Generator Att enuator
Oooo
fli Power ooo
Combiner ooo
—>—|:|——|_> f\ ooo
(@)

Ry

for="fy+ f

@
>+ ouT
@

Figure 5.10: Traditional two-tone setup for intermodulaton measurements.

Since our DUT the RF2600 section is a frequency convertig device,
the output appears shifted to other frequencies, which areedoted byf; and
f,. At higher input powers new spectral components appear &t + f,, f; f,,
2f, f,, and so on. The components due to the quadratic (i.e. even @ term
of the nonlinearity are far o the output frequencies. The od order components
(i.e. third, fth,... order) fall near the output band. Figu re 5.11 shows the input
and output spectrum of the RF2600 section.

The power P;, P3, Ps,... of each of the components is measured and the
sum is plotted as a function of total input power. This is show in Figure 5.12
for the test mode output and in Figure 5.13 for the transmitte mode output.
At lower input powers there are no detectable intermodulatin products on the
output. The jagged part of the plots below 80dBm is due to the noise oor
of the spectrum analyzer. It depends on the input attenuatosetting. Since the
attenuator has been stepped in response to the total input per this results in a
stepped noise oor. At higher input power the output power othe fundamental
as well as of the intermodulation products saturate. Consegntly they have
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5.3 Intermodulation
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Figure 5.11: (a) Input and (b) output signals for the two-tore intermodulation
measurement of the RF2600 section.

been extrapolated linearly. The ctitious point where the tal power of the
intermodulation products of orderx reaches the power of the fundamentals is
called intercept point IP, of order x. It can be given either by its output power
value or its input power according to

IPin =dBM = Py =dBm G =dB : (5.1)

The results from these measurements are given in Table 5.2.

Besides the two-tone measurements, there are other ways toacacterize the
e ects of nonlinearity of the transmitter. Real world signas from digital mod-
ulation formats typically occupy more bandwidth than f = 1MHz. Using a
40MHz wide noise source could be an option. However similar vis can be
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5.3 Intermodulation

Table 5.2: Intercept points of3® and 5" order for the transmitter and test mode
outputs.

Input Output Unit

Test Mode IP 3 12,1 18,0 dBm
Test ModelPs 12,6 18,5 dBm

Transmitter Mode IP 3 -1,9 24,5 dBm
Transmitter Mode IP 5 -2,9 23,5 dBm

20} | = Fundamental, P, o T P
— 39 Order Intermod. Products, P3 :

5 Order Intermod. Products, Ps
7t 9" Order Intermod. Prod., Py

Pre / dBm

100 ; . ; ; ; ;
-50 -40 -30 -20 -10 0 10
P> / dBm

Figure 5.12: Power of the intermodulation products for thedst mode output of
the RF2600 section.

achieved using multisine excitation. Such signals di er ircount of sinewaves
and their amplitude, frequency spacing, and relative phas&ood results can be
obtained using more then ten beats with equal amplitude andpacing [18] [19].
Constant phase o sets lead to signals with hough crest faa®CF, while random
or Schroeder phase result in low crest factors [20] [21].

In these measurements | used a setup with an arbitrary vectsignal generatot
as depicted in Figure 5.14. The optimization of the phase wasft to the signal

4R&S SMU200A
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5.3 Intermodulation
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Figure 5.13: Power of the intermodulation products for the ransmitter mode

output of the RF2600 section.

__’ signal | 1111 MEVAYAYSYE

oono

LAN ooo
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oono

Arbitrary Transmitt er o

Vector *

Generator LO1 LO2

Figure 5.14: Versatile setup for measurements with doubl@@ multi beat signals.

generator. This resulted in even lower crest factors betwed ;95 and 2;73dB.

Measurements were taken with 12 and 15 beats wi8)3 and 2,64 MHz spacing re-
spectively, which results in an overall bandwidth of appramately 40MHz. Since
the spacing is constant all intermodulation products agaifiall on frequencies in
this raster. They can a ect the ranges below and beyond the dged output band

45



5.3 Intermodulation

as well as there are in-band intermodulation products. Therst is called adjacent
channel distortion if it a ects the the directly neighboring frequencies while the
latter is called co-channel intermodulation. To measure #band intermodulation,
one of the beats has to be suppressed and the power is measumeithis notch.

| | | | Setup:
RBW = 100kHz |-
VBW = 300kHz
Att = 50dB
averaging: 50
£
s}
@ o2ttty
T
o
Pm __________ v e | Setup:
or 1 LR | RBW = 100kHz |-
: : : ‘ VBW = 300kHz
Att = 50dB
averaging: 50
E ’ .
8 20fPx
r
o

i i
2,56 2,58 2,60
fRF | GHz

(b)

Figure 5.15: Spectrum of the multi beat signal at di erent irput levels.

The output of the RF2600 section for such a signal is shown iigure 5.15(a).
There are 15 carriers, the8" is suppressed. The output poweP,, of each of the
carriers is measured and the total output power is summed upt lower power
levels this results in the RMS input power enhanced by the gain of the trans-
mitter section. As the input power increases, more and moratermodulation

SRoot Mean Syuare
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5.4 Harmonics and LO Drive Power

products arise in the adjacent channel as well as in the in-bd notch as is shown
in Figure 5.15(b). During each measurement the product witthe highest power
is detected and the ratio between this value and the total RMS qwer of the
signal is determined. The resulting gures for this ratios called ACPR® and
CCPR’ are plotted as a function of total RMS input power in Figure 516. The
ACPR can be used as a measure for the shoulder distance. At lowgsuhpowers

below 30dBm for the transmitter mode output, below 10dBm for the test
mode output the results are unreliable due to the noise ooiwof the spectrum

analyzer.

0 ! !

T T
ACPR Transmitter Mode Output
----- CCPR Transmitter Mode Output
ACPR Test Mode Output

————— CCPR Test Mode Output

ACPR; CCPR / dB

-40 -30 -20 -10 0 10
P2 / dBm

Figure 5.16:ACPR and CCPR as a function of the input power for the RF2600
section.

5.4 Harmonics and LO Drive Power

As described in Section 4.3, after the mixing process thereeanot only the desired
upper sideband but several other spectral components. Figu5.17(a) shows the
output of the transmitter mode path for various input signas. The lowest plot
shows the noise oor of the spectrum analyzer and the measuorent setup when
the RF2600 section is switched o. One can see that there isnainterferer

around 945MHz® and the noise is not at between 3 and4 GHz.

6Adjacent Channel Power Ratio
’Co-Channel Power Ratio
81t is possibly the GSM-900 downlink which is located betweer935 and 960MHz.
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5.4 Harmonics and LO Drive Power
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Figure 5.17: Overview of the output of the RF2600 section.a) Output spec-

trum at the transmitter mode output. (b) Spectral interpretation.
(c) Frequency response of the transmit lter.

48



5.4 Harmonics and LO Drive Power

Next the RF2600 section is switched on and the local oscittar LO2 is swept
between 1552,5 and 7525 MHz. Since there is more power at the input of the
spectrum analyzer now, the reference level and attenuatoetings had to be
adjusted. This results in a higher noise oor. At the output d¢ the mixer there is
the crosstalk of the harmonics of LO2. Second and third harmis can be easily
seen at the output. In Figure 5.17(b) an interpretation of Fgure 5.17(a) is given.
The positions of second and third harmonics are marked thees well as in the
other two diagrams with vertical dotted lines. The shape oftte harmonics re ects
the shape of the transmit lter. Figure 5.17(c) therefore rpeats the frequency
response of the transmit lIter already given in Figure 4.6(pfor comparison.

For the top plot of Figure 5.17(a) a monotone signal a®475MHz is switched
on as the input IF2 to the RF2600 section. Now the remainingpeectral com-
ponents which are illustrated in Figure 5.17(b) become vigle.

The 39 harmonic of the local oscillator is the strongest undesirecbmponent
at the output of the mixer which varies with the input power P o, of the local
oscillator. It falls directly into the second passband of ta transmit lter. The
power of this component was measured as a function of LO2 irtppower and
plotted in Figure 5.18 for the worst frequency setting. These ofP o, = 3dBm
is hereby veri ed.

Figure 5.19 gives the correlation between power of the loaagcillator and the
conversion gain. There is almost no variation at di erent pwer levels.

0 ! ! ! ! !
Prr measured at test mode output
at3 f o, = 46575MHz ‘ ‘ ‘
A .. L -

Y . o S AT ]

Pre / dBm

PLo2 / dBm

Figure 5.18: Power of the8™ harmonics of LO2 at the test mode output as a func-
tion of the LOZ2 input power. IF2 is switched o, f o, = 1552;5MHz
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5.5 Error Vector Magnitude
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Figure 5.19: Conversion gain for the transmitter mode outguof the RF2600
section as a function of the LO2 input power.
f||:2 = 9475MHz, P> = 15dBm, f|_02 = 16525 MHz

5.5 Error Vector Magnitude

Since the transmitter is intended to be used with signals ofi érent digital mod-
ulation schemes, measurements with such signals have beanfgrmed as well.
Figure 5.20 gives the spectrum of one of those signals. It i§4QAM?® signal with
a symbol rate SR of 20MSymbl/s. As modulation Iter a root raised cosine lter
(RRC) with a shape factor = 0;25was used. This results in 8 dB bandwidth
of approximately 20MHz. The signal is generated by a VS8 at the second
intermediate frequencyf |z, of 947.5 MHz, fed into the RF2600 section, and re-
ceived with a VSA. This is illustrated in Figure 5.21 for a similar measuremen
taken on the complete transmitter. Figure 5.22 shows the retved symbols after
downconversion with the VSA in the base band and the ideal mience points of
the constellation diagram.

Due to linear and nonlinear distortions as well as noise theceived symbols are
not located on the reference points any longer but shifted aeanother reference
point. As illustrated in Figure 5.23 the symbol vector to themeasured point M
can be divided into a vector to the reference point R and an er vector. The

9Quadrature Amplitude M odulation with a symbol alphabet of 64
10vector Sgnal Generator
vector Sgnal Analyzer
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5.5 Error Vector Magnitude
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Figure 5.20: Spectrum of a 64QAM signal wittPOMSymbl/s and a root raised
cosine lter with = 0,25.
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Figure 5.21: Measurement setup for EVM measurements.
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5.5 Error Vector Magnitude
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Figure 5.22: Received symbols and reference points duringg¥M.
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Figure 5.23: De nition of the error vector magnitude ([22] b. 3, p. 3-52).
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5.5 Error Vector Magnitude

magnitude of this error vector is calledEVM'? and is an integral measure for
those di erent kinds of distortions (see [22] ch. 3 and ch. 9).

with
jRij? : (5.3)

Several automated measurements have been taken with varat of di erent
parameters. Figure 5.24 shows thEVM as a function of input power. The input
power is denoted as the RMS power level of the input signal ondhorizontal
axis. Since the crest factoiICF of these signals is between 6,7 ang3dB the
P EP 12 is higher by this value. At input powers below 40dBm the input signal
to the VSA is too low for proper demodulation. This has been skwn by directly
connecting the VSG to the VSA and taking measurements of thisack-to-back
setup. As the input power reaches 10dBm the EVM degrades because of
compression and saturation of the RF2600 section. This isonproblem since
this is no longer the speci ed operation range. There is alrsbno variation with
the size of the used symbol alphabet which has been veri edtwil6QAM and
32QAM signals. However th&eVM is heavily dependant on the symbol rate and
accordingly on the bandwidth of the signal. The ripple in thelots for signals with
higher bandwidth in the medium power range is due to the subtimal attenuator
settings of the VSA. The results for the test mode output areampared to the
transmitter mode output in Figure 5.25.

In order to compensate for linear distortions due to e.g. theon-ideal frequency
response of the RF2600 section, an equalizer in the VSA (i#ne receiver) has
been used. As can be seen in Figure 5.26 the same results asifprals with SR
= 1 MSymbl/s can be achieved for signals witlsR = 20MSymbl/s. However the
training of the equalizer of the VSA only works at high powerdvels. The equalizer
can be implemented as a digital predistortion lter before the transmitter in the
digital baseband processing unit, thus resulting in ne oudut performance.

Last but not least Figure 5.27 shows th&eVM as a function of the symbol
rate. Again it can be seen that using an equalizer to removengar distortions
almost nulli es the impact of higher bandwidths.

2Error Vector Magnitude
3peak Envelope Power
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5.5 Error Vector Magnitude

'10 T T T T T
: : 16QAM, 20MSymbl/s :

T TR S - 16QAM, 10MSymbl/s | =~ |
\ \ 16QAM, 1MSymbl/s

—&— 32QAM, 20MSymbl/s
200 L .| —©— 32QAM, 10MSymbl/s

‘ ‘ —+— 32QAM, 1MSymbl/s
: : —&— 64QAM, 20MSymbl/s
o5k B ... | —©— 64QAM, 10MSymbl/s

a 64QAM, 1MSymbl/s

S B0F R Mun .

>

L
35F BN s Rl 4
T N S - ch o S~ S . .
45 e DT .

-50 -40 -30 -20 -10 0 10
P / dBm

Figure 5.24: EVM as a function of input power, modulation same, and symbol
rate.
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Figure 5.26: EVM as a function of input power, equalizer s
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Chapter 6

Summary

In this diploma thesis | rst described possible scenariosiiwhich a exible RF
front end is required. | further extended these situationsa MIMO applications.
This leads to the requirements for such a front end. The RF frérend consists of
transmitter, receiver and local oscillators. All are desiged in a modular way to
allow for easy expansion or replacement. Only one local dktbr unit is used for
multiple transmitters or receivers for easy synchronizatin in MIMO applications.

The main work of this diploma thesis has been the transmitteand especially
the RF2600 section. After research and simulation, each wgponent of the
RF2600 section has been built up on a test PCB and charactegd. The results
have been given in Chapter 4.

Next all components of the RF2600 section have been prepdréor the com-
bination on a single PCB. Layouts for a double sided PCB and twsolder mask
layers have been generated. With those the PCB has been maraitaed by an
external company. The components and PCB have been asserdbdsd put into
operation. It can be mounted atop the base PCB. This is showm iFigure 6.1.

To evaluate the performance of the transmitter, di erent masurements have
been performed. They describe the behavior in the frequencpmain and at
di erent power levels. Furthermore they show that the transnitter ful lls its
speci cations.

When accompanied with the receiver, the transmitter as the RHront end
augments the baseband processing unit to a exible and powfel instrument
for a multitude of purposes. The RF2600 section can be used a guideline to

design additional RF sections for di erent output frequencybands if required.
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6 Summary

Figure 6.1: Photo of the transmitter for2;6 GHz.
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