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Abstract

In todays wireless communication standards, the tendency goes towards modulation
schemes with a high bandwidth and a non-constant envelope. The performance of these
systems is highly dependent on the RF power amplifier and therefore it is necessary to de-
sign them as linear and efficient as possible. A suitable approach for the fast development
of such amplifiers is the application of harmonic load-pull systems which allow measuring
the device characteristics under real operating conditions. The idea is to terminate the
transistor with variable impedances at the fundamental frequency and its harmonics. By
variation of the variable impedances the optimum load is found empirically.

Harmonic active load pull measurement setups have been built at the Institute of Electrical
Measurements and Circuit Design in different configurations. In the traditional approach,
the variable impedances are realized by using programmable RF signal sources. Although
the generators are locked by an external reference clock of 10 MHz, existing phase jitter
reduces the attainable measurement accuracy. The solution to this problem is to derive
the harmonic frequencies directly from the fundamental by using frequency multipliers.
Subsequent attenuators and phase shifters allow realizing arbitrary complex impedances.

The goal of this diploma thesis is the development of the programmable attenuators and
phase shifters for a harmonic active load pull system. The frequency interval of the fun-
damental is defined from 1.8...2.45 GHz. The frequency interval of the attenuators and
phase shifters of 1.8...7.35 GHz and 1.8...2.45 GHz, respectively, is resulting for the in-
tended measurement setup. The RF input power is constant over the whole frequency
range.

The attenuator has to meet the requirement of a monotonic change of the attenuation
during variation. The dynamic range should be better than 20dB. In case of the phase
shifter, continuously changing the phase angle from 359.9° to 0° in a direct manner is
requested. An additional requirement is the integration of the devices into the existing
measurement environment.

The RF specific parts of the attenuator and phase shifter are based on an integrated
voltage variable attenuator (VVA) and an I/Q-modulator, respectively. A dynamic range
of 27.5dB is attained by the attenuator, the insertion loss is 2.5dB. The output power
of the I/Q-modulator is typically 5dBm. A subsequent low pass filter further suppresses
interferences caused by nonlinear effects.

Both devices connect to a PC by USB enabled microcontrollers which provide the USB488-
compatible interface and control the RF subsystem. Within the scope of this thesis the
circuit of the digital- and RF-part were designed and assembled. The firmware needed for
operation was also developed as part of the thesis.



Zusammenfassung

In aktuellen Mobilfunksystemen werden haufig Modulationsverfahren mit hoher Bandbrei-
te und variabler Hiillkurve eingesetzt. Da die Sendeverstérker die Leistungsfahigkeit dieser
Systeme zu einem wesentlichen Teil mitbestimmen, ist es notwendig, diese so linear und
effizient wie moglich zu entwerfen. Fiir die schnelle Entwicklung von Leistungsverstérkern
eignet sich besonders der Einsatz von aktiven harmonischen Load-Pull-Systemen. Diese
ermoglichen die Vermessung des Bauteilverhaltens unter realen Betriebsbedingungen. Der
Transistor wird hierzu mit variablen Abschlussimpedanzen sowohl auf der Grundfrequenz
als auch deren Vielfachen versehen und so der optimale Betriebspunkt durch Variation der
Impedanzen empirisch ermittelt.

Am Institut fiir Elektrische Mess- und Schaltungstechnik wurden aktive harmonische Load-
Pull-Systeme schon vielfach realisiert. Dabei wurden die variablen Abschlussimpedanzen
mithilfe programmierbarer Signalgeneratoren verwirklicht. Obwohl die Generatoren iiber
eine externe Referenzfrequenz von 10 MHz gekoppelt waren, ergaben sich kurzzeitige
Schwankungen der Phase, wodurch die erzielbare Messgenauigkeit herabgesetzt wurde.
Um diesen Nachteil zu umgehen, werden die harmonischen Frequenzen aus einer einzigen
Quelle mit Frequenzverdopplern und -verdreifachern abgeleitet. Nachgeschaltete Abschwii-
cher und Phasenschieber erlauben es, beliebige komplexe Impedanzen zu realisieren.

Ziel dieser Diplomarbeit war die Entwicklung und der Aufbau von programmierbaren
Abschwichern und Phasenschiebern fiir ein aktives harmonisches Load-Pull-Messsystem
fiir einen Frequenzbereich der Grundschwingung von 1.8...2.45 GHz. Bedingt durch den
Messaufbau ergeben sich fiir den Abschwicher und Phasenschieber ein abzudeckender
Frequenzbereich von 1.8...7.35 GHz beziehungsweise 1.8. ..2.45 GHz bei weitgehend kon-
stanter HF-Eingangsleistung. Der Abschwécher sollte auch wéhrend eines Verstellvorgan-
ges eine definierte Dampfung gewéhrleisten und iiber eine Dynamik von mindestens 20 dB
verfiigen. Der Phasenschieber sollte einen direkten, sprungfreien Ubergang des Phasenwin-
kels von 359.9 © auf 0 ° ermo6glichen. Weiters mussten sich die Baugruppen in die bestehende
Messumgebung integrieren lassen, also von MATLAB aus ansprechbar sein.

Der HF spezifische Teil des Abschwicher und Phasenschieber basieren auf einem integrier-
ten, spannungsgesteuerten Abschwicher (VVA) bzw. einem I/Q-Modulator. Die erzielte
Dynamik des Abschwichers betriagt 27.5dB bei einer Einfiigedampfung von 2.5dB. Der
Ausgang des I/Q-Modulators liefert eine weitgehend konstante HF-Leistung von typi-
scherweise 5dBm. Ein nachgeschaltetes Tiefpassfilter sorgt fiir eine Unterdriickung der
ungewollten, nichtlinearen Stérprodukte von mindestens 47 dBc.

Die Ansteuerung beider Baugruppen erfolgt iiber einen USB-fdhigen Mikrocontroller, wel-
cher gleichzeitig eine USB488 kompatible Schnittstelle bereitstellt. Im Rahmen der Diplom-
arbeit wurden die Schaltungen (Digital- und Hochfrequenzteil) entwickelt, aufgebaut, und
die zum Betrieb erforderliche Firmware erstellt.
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Chapter 1
Motivation

In todays wireless communication standards, the tendency goes towards modulation
schemes with a high bandwidth and a non-constant envelope. Traditional amplifier con-
cepts like class A or class B have the disadvantage of having low efficiency when used
with these schemes. To cope with this problem new concepts like class F are required.
Such concepts increase the efficiency by specifically forming the dynamic load line. This
can be achieved by reflecting the harmonic frequencies back to the transistor. The idea
behind class F is to terminate the harmonic frequencies in such a way that the voltage
and current waveforms become rectangularly and half-sinusoidally shaped, respectively.
Within this operating mode the transistor behaves like an ideal switch, which means that
the amplifier could reach a theoretical drain efficiency of 100%. According to the Fourier
decomposition of the desired waveforms it is necessary to short circuit all even harmonic
frequencies and to leave all odd harmonics open. By exchanging the even and odd order
harmonic terminations it is also possible to realize an inverted class F amplifier. However,
the termination of all harmonic frequencies is neither possible nor does the device provide
enough gain at higher frequencies [1]. In practical applications it turned out that termi-
nating the first three frequencies (fundamental plus two harmonics) seems to be a good
trade off between complexity and realizable efficiency improvement [2].

A very powerful approach to develop a class F amplifier is the application of harmonic
load pull systems. Such setups allow to measure the behavior of the transistor under real
operating conditions. Harmonic load pull uses variable terminations, typically, for the first
three frequencies to find the optimum loads. After selecting the ideal reflection coeflicient
I' by means of an empirical process, the load impedances seen from the transistor will be
determined and can be passed on to a designer to realize an amplifier without the need
for a transistor model [3].

Harmonic load pull systems can be realized either in a passive or active way. The problem
using passive harmonic load pull is the following: Due to the existent insertion loss of
the signal path from the intrinsic transistor output over the test fixture, directional cou-
pler, etc. to the actual variable termination the, achievable tuning range is reduced. To
overcome this limitation the variable terminations can be realized using RF signal sources
which are set to the second and third harmonic frequency. Arbitrary active loads can be
realized by adjusting amplitude and phase angle of the harmonics and allow not only to
compensate for the losses, but reflection coefficients of |I'| > 1 can also be realized. This
approach is termed Active Load Pull.

Harmonic Active Load Pull measurement setups have been built at the Institute of Elec-
trical Measurements and Circuit Design in different configurations. In the traditional
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approaches, the frequencies for the fundamental, the second, and the third harmonic are
generated using RF signal sources. These generators are locked to an external reference
clock of 10 MHz.

The problem with this setup is the inherent frequency jitter of the reference clock which
is amplified by the signal generators internal phase locked loop, resulting in considerable
phase noise at the harmonic frequencies. The solution to this problem is to derive the
harmonics directly from the fundamental using frequency multipliers. Since the amplitude
and phase of the harmonics have to be adjustable in relation to the fundamentals, variable
phase shifters and attenuators are needed. The attenuator has to meet the requirement
of a monotonic change of the attenuation during variation. Therefore, digital stepped
attenuators cannot be used as during switching its internal elements the attenuation is
undefined for some 10ns. During this short time the realized reflection coefficient can
fall into regions where the setup is unstable and may cause unwanted oscillations. In
case of the phase shifter, continuously changing the phase angle from 359.9° to 0° in a
direct manner is requested. This cannot be attained by simply rotating the phase angle
backwards as hereby possible unstable areas in the Smith-chart may be passed which also
can lead to unwanted oscillations.

The motivation of this diploma thesis is the development of the attenuators and phase
shifters for a harmonic active load pull system. The frequency of the fundamental was
specified to be in the rage of 1.8...2.45GHz. This frequency interval was chosen in
order to include GSM 1800 at the one side and the 2.45 GHz ISM band on the other
side as well as UMTS. As the existing measurement setup is completely controlled by a
MATLAB program, it is also mandatory for the attenuators and phase shifters to allow
simple integration into that existing environment. Therefore, the attenuators and phase
shifters must be directly accessible from MATLAB.
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Chapter 2
System Design

The typical measurement setup of an active harmonic load-pull system is shown in figure
Figure 2.1.

triplexer power atten-  phase- tripler/
amps uators  shifters doubler
— 11
—~_ 3fg ' 3fg .
—,/M /)\'—‘—.—3
directional directional % <C§\ﬁ_‘<\\ ‘ X
coupler D.U.T. coupler
11
2f, 2f
— = E <=
|I I| — { NN
11
—~>_ || fo 6W__'< :,6 §§f0
= O
T N

% power-

splitter

fo
RF-Source

Figure 2.1: Typical active harmonic load pull measurement setup

For the measurement, the Device Under Test (DUT) is placed into a test fixture. The
directional coupler at the input and output allow to measure the incident and reflected
waves. To realize independently adjustable terminations of the harmonic-load, the output
signal is split by means of a triplexer into fundamental, second, and third harmonic-
frequency components. In order to avoid feedback loops which tend to become unstable,
the wave coming from the DUT is terminated after passing the circulators. The active
loads for the harmonics are generated as follows: The Radio Frequency (RF) signal from
the generator is split into four branches. One branch is used to drive the DUT at the
input. The signals on the other branches are used to derive the harmonic frequencies by
a frequency doubler/tripler. These harmonics are now adjusted in amplitude and phase
by the variable attenuators and phase shifters and are fed over the circulators into the
triplexer after amplification.

The fundamental frequency fj is specified to be in between 1.8 ...2.45 GHz. Therefore, the
second harmonic 2fj is 3.6...4.9 GHz and the third harmonic 3fy is 5.4...7.35 GHz. In
order to simplify and shorten the design process it is desirable to build identical devices that
cover the frequencies of all harmonics. But, in case of the phase shifters, this is impossible
since 1/Q modulator chips covering the whole frequency range of 1.8...7.35 GHz are not
available. The idea now is to exchange the position of the phase shifter and the frequency
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doubler/tripler in the setup Figure 2.1, leading to the following measurement setup shown
in Figure 2.2.
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Figure 2.2: Modified active harmonic load pull measurement setup

The advantage by using this modified measurement setup is that the phase shifters only
need to operate in the frequency range of 1.8...2.45 GHz. Modulator chips for this fre-
quency interval are available from several vendors which simplifies the designs signifi-
cantly.

All devices used in the measurement setup are remote controlled by a Personal Computer
(PC). The software, which is written in MATLAB, is responsible for the setup of the
devices, reading back measurement data and supervising the measurement. To attain a
seamless integration of the attenuator and phase shifter in the given measurement setup,
it is important to ensure that both devices can be addressed from MATLAB. A multitude
of measurement devices has to be connected to the PC. Several possibilities exist for that
purpose. The most common is General-Purpose Instrumentation Bus (GPIB) which in
its original version is outdated by now. GPIB was invented by Hewlett-Packard in the
1960’s and allows up to 15 devices to be connected over a bidirectional parallel bus. One
drawback of GPIB is the need for a special hardware interface card at the PC side. More
up-to-date bus standards in the measurement field are based on the Local Area Network
(LAN) and the Universal Serial Bus (USB). This reduces costs since modern PCs are
usually equipped with built in LAN and USB interfaces. After considering all the given
options for interfacing the attenuator and the phase shifter, three possible bus systems
were taken into account:

e Parallel - This scenario is outlined in Figure 2.3.
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en(h);
— fprmtf(h "IDN?");

g PC running MATLAB
h = visa(‘agilent', TCPIP::128:131.86.123::INSTR");
p fop!

ICS 8063
Ethernet to Digital
Interface Board

\

B

Figure 2.3: Parallel interface scenario

Q
i

The devices communicate with a dedicated “Ethernet to Digital Interface Board”
over a simple parallel bus. Parallel bus data is encapsulated by the digital interface
board and then transported over ethernet to the PC. The advantage of this approach
is that the parallel bus is very simple and cost-saving to implement at the device side.
On the other hand, a big drawback of this solution is the fact that the “Ethernet
to Digital Interface Board” is only available from a single vendor and, therefore,
inflexible. Also the wiring of the devices is more inconvenient because of the bulky
cable.

e Ethernet - This scenario is outlined in Figure 2.4.

PC running MATLAB
h = visa(‘agilent', TCPIP::128:131.86.123::INSTR");
' fopen(h);

fprintf(h,*IDN?");
< Ethernet

N

Ethernet Hub

Ethernet / LXI

N
)

Figure 2.4: Ethernet interface scenario

In this configuration the devices are equipped with ethernet functionality. On top of
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the standard TCP protocol the so called LAN Extention for Instrumentation (LXT)
protocol is used. Advantages are that for LXI direct support in MATLAB exists and,
since ethernet is a world wide standard, great flexibility is guaranteed. The downsides
are the complexity of the device software, the additional administration overhead (IP
address, MAC address, etc.) and the need for a fairly powerful microcontroller with
ethernet capabilities.

USB - This scenario is outlined in Figure 2.5.

' PC running MATLAB
h = visa(‘agilent', 'USB0::4292::33136::2008-0C::0::INSTR');
. fopen(h);

f — fﬁrintf(h,'*IDN?');

USB Hub

USB / USB488

Figure 2.5: USB interface scenario

This solution uses the USB as interface. Its wide spread use as industry standard,
plug and play capabilities, and cost savings outperformed all the other solutions.
Within USB, special device classes like the USB Test and Measurement Class (US-
BTMC) are defined by the USB Implementors Forum [4]. The benefit of using such
a device class is the fact that no special device driver has to be written since they
are available from third party vendors. At a first glance USB might look less flexible
than the ethernet interface because it does not allow for sharing of the devices over
a network by design. This is overcome by Virtual Instrument Software Architecture
(VISA) software which allows sharing over the entire network.
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Chapter 3

Implementation

3.1 Introduction

The challenge was to design variable, bus-compatible attenuators and phase shifters for
the frequency ranges of 1.8...7.35 GHz and 1.8...2.45 GHz, respectively. The requested
features were that the attenuator should have a dynamic range of at least 20dB and the
phase angle should be adjustable from 0...360°. An additional requirement was that a
change of the attenuation/phase angle has to happen in a continuous way. A continuous
behavior requires that both devices are controlled by analog signals, which restricts in case
of the attenuator the use of a so called Voltage Variable Attenuator (VVA), and in case of
the phase shifter the use an I/Q modulator which allows modulation from DC. In order to
shorten the development period, the use of integrated Radio Frequency (RF) circuit chips
was decided.

The devices have to process the following tasks:
e Bus protocol handling (USB)
e Command parsing (SCPI implementation)
e Power management (required for USB conformance)
e Interpolate data points (calibration)
e Write data to the Digital to Analog Converter (DAC)

Considering all the given options, the only feasible solution was the use of a microcon-
troller. The most important advantages of this approach were the flexible programmability,
the reduced part count, and the adherent reduction of Printed Circuit Board (PCB) size.
Universal Serial Bus (USB), as the chosen bus protocol, requires an appropriate bus con-
troller. Several solutions for this purpose exist on the market today. They can be roughly
grouped into three categories: USB to serial converters, stand alone bus controllers with
various digital interfaces and USB capable microcontrollers. USB to serial converters have
the disadvantage of being limited to only one USB device class, which is not suitable for
the given application. Since for the communication with the standalone USB bus con-
troller a microcontroller is mandatory and a desirable goal was to save PCB space, an
USB enabled microcontroller was chosen. This choice also fulfills the requirement of being
able to implement user defined USB device classes.

To give an overview of the implemented attenuator and phase shifter, the block diagrams
Figure 3.1 and Figure 3.2 are considered.
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3.1. INTRODUCTION

Digital to
USB Enabled Microcontroller Analog
Converter
Debug Debug SPI J D
Interface Interface Interface g A
Voltage CPU Address
Regulator 8051 > @$O'F Selection
Line Filter
USB-B _— USB General R X N Status
Plug [—] Controller Purpose |O " X N | Indication
ESD *
Protection
Power Supply v
Analog Drive
I-Channel
DC-Block Attenuator DC-Block

Ir?;l):l;t _,[_"_J| :‘ J{‘"‘J" OEtFp-ut

Figure 3.1: Attenuator block diagram
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Figure 3.2: Phase shifter block diagram
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3.2. COMMON SUB-SYSTEM

As indicated in the figures above by the dashed line, the block diagrams are separated
into a device independent and a device specific section. The device independent partition
contains the USB enabled microcontroller, the DAC, address selection and status indica-
tion, USB line filter and Electro Static Discharge (ESD) protection. Available hardware
interfaces are the USB plug and the Debug Interface (Debug-IF), whereas the Debug-IF is
only accessible within the housing because it is only needed for firmware development.

The attenuator specific section in the block diagram is made up of the power supply, the
analog drive and the attenuator RF chip with a DC-block. The used RF input and output
interfaces are realized using SMA connectors.

The phase shifter specific section in the block diagram is similar to that of the attenuator.
The only difference is that the analog drive has two outputs to drive the according 1/Q-
channel of the modulator separately and the output of the modulator is additionally filtered
by a low pass filter.

In the following sections, the schematic details are discussed for the device independent
and the device specific section in detail.

3.2 Common Sub-System

The schematic in Figure 3.3 shows the device independent section of the attenuator and
the phase shifter.
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Figure 3.3: Schematic of the USB and microcontroller part

The function of the used components is discussed from left to right. The USB cable is
plugged into the USB type B plug J3 which is sketched in Figure 3.4.

D- Vgys
D+ GND

Figure 3.4: Type B USB connector
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3.3. ATTENUATOR SPECIFIC SUB-SYSTEM

The differential data lines D+ and D- are filtered by the common mode line filter L2
followed by an array D1 of three protection diodes. It has the purpose to suppress ESD
and other transient overvoltages on the USB lines. The power lines Vgys and GND in
Figure 3.4 supply energy to the device. The USB specification for the voltage at the
device plug is 4.35...5.25V. The device inrush current is limited which requires the
overall parallel input capacity not to exceed 10 uF (see [5] Subsection 7.2.2 Voltage Drop
Budget). The maximum current rating for USB is 500 mA, which is sufficient for the phase
shifter and the attenuator. The purpose of the common mode line filter L1 is to suppress
interferences caused by the power supply and the microcontroller mainly.

The used microcontroller Ul is a C8051F342 from Silicon Laboratories [6]. It is an 8051
compatible 8-bit device offering a throughput of up to 48 Million Instructions Per Second
(MIPS), has a built in USB function controller and needs a minimum of external parts
for operation (C1...C4). The clock is generated by an internal oscillator and in case
of USB bus activity locked to the USB clock. Furthermore, a built in voltage regulator
generates the +3.3V needed by the microcontroller directly from the USB power supply.
In the current application the microcontroller is configured as bus-powered, i.e. the power
needed by the microcontroller is completely taken from the bus.

The used DAC is an AD5663R from Analog Devices. It is a dual 16-bit DAC with an
on-chip reference 5ppm/°C, operates from a single supply and has a full-scale output
voltage of 5V. The output voltages are buffered, the reference voltage which is 2.5V, is
unbuffered. The DAC is linked by a Serial Peripheral Interface (SPI) to the microcontroller
which is used for configuration and writing values to the analog output. The external parts
required by the DAC are two buffering capacitors C25 and C26.

The status indication is made by the green and red low current diodes LED1 and LED2
which are used to signal the software status. An address selection can be made by the
hex switches SW1 and SW2. The selection is a unique device address which is reported
among others as a response to and “*IDN?” command (cf. Subsection 4.3).

The Debug-IF P2 and R1 make up the Silicon Laboratories 2-wire debug interface which
allows for programming and in-system debugging of the device.

3.3 Attenuator Specific Sub-System

3.3.1 Attenuator

The core of the attenuator is made up of the HMC346MS8G from Hittite [7]. It is an
absorptive Voltage Variable Attenuator (VAA) operating within a frequency interval of
DC ...8 GHz with an dynamic range of 32dB. The insertion loss is typically 1.5dB, the
input power may not exceed +18 dBm by all means. The functional diagram of the device
is shown in Figure 3.5.
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RF1| O ? % O | RF2
[ J ]

vz | 500 Vi

| | l I—O CTL

Figure 3.5: Attenuator functional diagram

In the figure above, the inputs V1, V2, and I are used to maintain impedance matching
of the RF-ports RF1 and RF2. Therefore, the lower 500 2 based attenuation network is
continuously tuned by an external OpAmp-circuit to match 5002. Since the transistors
used in the actual 50 €2 based attenuator are only a scaled version of the transistors used
in the 500 2 attenuator, the matching also applies to the RF-ports RF1 and RF2.

The analog section of the device is shown in Figure 3.6. Although the DAC is part of
the device independent section, it is still included for completeness. Figure 3.6a shows
the level conversion and impedance matching control needed attenuator chip shown in
Figure 3.6b.
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Figure 3.6: Schematic of (a) impedance matching control and (b) attenuator

The DAC output voltage of 0...5V is inverted by R2, R3 and U5A into 0...—3V needed
by the actual impedance matching circuit part comprising of R4, R5, R6, D2 and U5B.
This impedance matching circuit was copied from the datasheet of the attenuator chip [7].
The attenuator chip Ul is mounted on a special RF substrate, the capacitors C1 and C2
have the function to block DC voltages.

3.3.2 RF Transmission Line

The transmission line structure used is a Coplanar Waveguide over Ground (CPWG),
which is sketched in Figure 3.7.

|{—G —}|{—".,."'.,."—}| il
T T
T g

i

Figure 3.7: Profile of a CPW ground transmission line
The CPWG line gives a smaller line width W compared to the ordinary microstrip line,
which is preferable because of the small package of the RF components (U5 in Figure 3.9,

Ul in Figure 3.6 b). To keep the losses of the transmission line low, especially for the
frequencies of the second and the third harmonic, a special RF substrate with a low
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3.3. ATTENUATOR SPECIFIC SUB-SYSTEM

’ Physical characteristics \ Value
Dielectric constant (e,) | 2.55 & 0.04
Loss tangent < 0.0015
Copper thickness (T) 18 pm
Substrate height (H) 0.762 mm
Conductor Copper

Table 3.1: Material properties of the Taconic substrate

loss tangent is used (Taconic TLX-8-0300-CH/CH). Its properties are summarized in Ta-
ble 3.1.

The PCB to the schematic part in Figure 3.6b was manufactured using the milling cutter
at the Institute of Electrical Measurements and Circuit Design. The smallest attainable
gapwidth G is 6 mil which was also used for the design.

The line width W for a 50 Q2 system is calculated as 49.6 mil[8].

3.3.3 Power Supply

The supply voltages needed by the analog part are £5V at a current consumption of
around 12mA. To ensure a stable and clean supply voltage over the whole input range, a
two step conversion is chosen. Because of the dual voltage and the low current, a charge
pump was taken which has the advantage of lower cost and part count compared to an
inductor based switching regulator. The schematic can be seen in Figure 3.8.
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Figure 3.8: Attenuator power supply

The core of the power supply is made up of the charge pump controller U2 (MAX864, [9])
which doubles/inverts the input voltage Vin. It provides approximately +2 - Vix at its
outputs which is regulated to precise £5V by the linear voltage regulators U3 and U4.
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3.4. PHASE SHIFTER SPECIFIC SUB-SYSTEM

Even though U2 provides a shutdown logic, it merely turns off its internal logic whereas
the output pins V+ and V- remain connected to the pins IN and GND, accordingly. To
reduce the suspend current, the external transistor Q1 is used to completely turn off the
power supply.

3.4 Phase Shifter Specific Sub-System

3.4.1 Modulator

The core of the phase shifter is made up of the HMC497LP4 from Hittite [10]. This direct
quadrature modulator works within an LO-frequency range of 0.1...4GHz. The RF
output port is single-ended and matched to 50 €2, the Local Oscillator (LO) input port can
also be driven single-ended but requires an additional matching. The differential baseband
inputs can be modulated from DC to 700 MHz. The operating current amounts around
170 mA at +5.0 V supply. The LO input power may vary in the range from —6...4+6 dBm,
the RF output is buffered and supplies an output power of at least 0 dBm over its whole
specified frequency range. For the used frequency interval of 1.8...2.45 GHz, the output
power is typically +5dBm. The functional diagram of the device is shown in Figure 3.9.

N/C [ig] Ve
GND [17] GND
LOP 16| RFOUT
LON Z}—é N/C
GND fi4| GND
N/C & N/C

PACKAGE BASE

Figure 3.9: Mixer functional diagram

The high impedance differential baseband inputs need to be biased with a DC voltage of
+1.5V. The nominal recommended baseband input is around 1.6 Vpp differential. As the
baseband bandwidth in this application is limited to some Hertz, the single ended DAC
output is transformed into a differential output by the Operational Amplifier (OpAmp)
circuit shown in Figure 3.10. In the figure only the In-Phase (I) branch is pictured, the
identical Quadrature (Q) branch is omitted.
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Figure 3.10: Modulator baseband circuit

The DAC output voltage ranges from of 0...5V and has to be converted into the opposed
intervals 0.8...2.3V and 2.3...0.8V for the differential modulator inputs IP and IN (Pin
21 and 22, U5). This is done in two steps: The first is to reduce the full-scale DAC output
voltage of 5V to 1.6 V by the voltage divider R2 and R6. It is further inverted by R3,
R4 and U4A and added with two times the potential at the positive OpAmp input, U4A
Pin 3. The potential at Pin 3, U4A is derived from the the DAC reference voltage which
is around 22—3 V (voltage divider R5, R7 and R8). At the output of OpAmp U4A, Pin 1,
the desired signal for the mixer input IN is already present (also cf. Figure 3.11). In the
second step, the resulting signal from the first step is again inverted by R9, R10, and U4B
and added with two times the potential at the positive OpAmp input, U4B Pin 5 which is
%V in this case (voltage divider R5, R7 and R8). Again, at the OpAmp output of U4A,
Pin 7, the desired signal for the mixer input IP is present.

R R
Vi Vour™ Y4+ 2Y,
v, l
22 2

Figure 3.11: Inverting amplifier with offset

For the purpose of noise improvement for the entire baseband circuit, the capacitors
C5...C10 are necessary. In order to drive the LO input port as single ended, the configu-
ration is done as suggested in the datasheet [10] by C17, R24, C18, and R25. The coupling
capacitors C17...C20 have the function to block DC voltages on the RF path.
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3.4.2 RF Transmission Line

For the same reasons as in Subsection 3.3.2 the transmission line structure is implemented
as CPWG again. As the frequencies used with the phase shifter cover “only” the frequency
range of 1.8...2.45GHz and the demand on the transmission loss is not critical, the
transmission line is realized on a standard FR4 substrate along with the other functional
units. Its properties are summarized in Table 3.2.

Physical characteristics ‘ Value

Dielectric constant (e,) | ~ 4.4

Loss tangent not available
Copper thickness (1) 35pm
Substrate height (H) 1.55mm
Conductor Copper

Table 3.2: Material properties of the FR4 substrate

The gapwidth G is limited by the PCB manufacturer to 8 mil. The line width W for a
50 Q2 system is calculated as 43 mil[8].
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3.4.3 Output Filter

The power level of the harmonics produced by the modulator is measured' and shown in
the table below:

Frequency of the funda- | Level of the harmonics Level of the harmonics

mental fy in GHz in dBc without filtering in dBc with filtering
2fo 3fo 2fo 3o

1.8 -29.91 -5.92 -47.05 -50.55

2.45 -25.07 -5.26 -62.26 -63.52

Table 3.3: Measured harmonic power levels without and with filtering

Obviously the level of the third harmonic is quite dominant and has to be reduced. For
this purpose, an adequate low pass filter comprising of the components L5, L6, L7, C38,
and C42 in Figure 3.10 was designed with the help of Microwave Office. The simulated
frequency response of this filter is pictured in Figure 3.12, the measured power level of
the harmonics after the filter is shown in Table 3.3 which coincides with the simulated
results.

Low Pass Filter Frequency Response
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Figure 3.12: Simulated output filter frequency response

In the figure above, the magnitude of the transfer function |Sa;| shows a resonance at a
frequency of about 7.8 GHz. The behavior of this resonance was analyzed using different
reasonable filter component values L5, L6, L7, C38, and C42, however, a shift to lower
frequencies could not be obtained.

Measurement Setup:
Signal Source: Rohde&Schwarz SME06, Output Power: 0 dBm,
Phase shifter DAC Values: I=0xF000 (V1 = 2.2V), Q=0x8000 (Vq = 1.5V),
Spectrum Analyzer: Agilent E4446A
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3.4.4 Power Supply

The supply voltage needed by the analog part is 5V at a current consumption of around
180mA. To ensure a stable and clean supply voltage over the whole input range, a two step
conversion consisting of a boost converter followed by a Low Dropout Regulator (LDO)
is chosen, which is shown in Figure 3.13. The boost converter is designed to deliver a
constant output voltage of 5.5V for an input range of 4.0...5.3 V. The following LDO
further regulates the voltage to a constant of 5.0 V. The combination L4 and C39 perform
an additional filtering to reduce the voltage ripple produced by the boost converter.
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Figure 3.13: Phase shifter power supply

As seen in the schematic Figure 3.13, the boost controller \SHDN-pin and the LDO’s
V_EN-pin are not connected together. The reason for this approach was to be able to
start the boost converter and the LDO separately after power up. The power up sequence
is as follows: The boost converter is turned on and as soon as the output is settled, the
LDO is activated. With this measures it is possible to stay within the inrush current
limitation of the USB specification.

Boost Converter Design

The schematic of a simplified boost converter is shown in Figure 3.14.

Figure 3.14: Simplified boost converter diagram

The converter is designed to operate in the Continuous Current Mode (CCM) at its nom-
inal rating. This is because in CCM the same output power can be reached with a lower
peak current compared to the discontinued mode and therefore reduces the converter loss.
In CCM the inductor current never reaches zero at steady state by design. The boost
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converter operates in two cycles.

In the first cycle of operation, shown in Figure 3.15a, the switch S is closed and the diode
is reverse biased. Energy is accumulated in the inductor and the load current is supplied
by Cour.

The second cycle is shown in Figure 3.15b. During this cycle, the switch S is open and
the diode is forward biased. The energy stored in the inductor is transferred to the load

and output capacitor.

L
X L
VIN l m -|_ CO‘ED ROUTlVOUT VIN l W S -|_ COUT ROUTlVOUT
| : :

(a) Cycle 1 (b) Cycle 2

Figure 3.15: Boost converter operating cycles

The ratio of these two cycles determine the output voltage. The output voltage is defined

approximately as:
Vin

1-D

Vour = (3.1)

where D is the duty cycle of the switch. This relation can easily be verified. The com-
ponents in Figure 3.15 are assumed to be ideal, input and output voltage Vin and Vour
are said to be constant with respect to time. Thus, the inductor current in cycle 1 (Fig-
ure 3.15a) is given by:

i) = 1/VIN dt (+0) = 2N ¢ (40 (3.2)

Vin=L-
IN 7 7

In cycle 2 (Figure 3.15b), the inductor “sees” the constant voltage Vix —Vour, the inductor
current is given by:

, 1 Vin — Vour

it) =7 / (Vix = Vour) dt (+C) = ———— 1 (+0) (3.3)
As the current in an inductor always is continuous and furthermore periodic (steady state
is considered), this leads to the following condition for the inductor current:

Vin
1-D

Vin Vin — Vour
N DT 4 2 TOV
L s+ L

(Ts = DTg) =0 — Vour = (3.4)

giving the initial Equation 3.1. This relation is depicted in Figure 3.16a.

The average inductor current I1, avg follows from the output current IouTt avg of the
converter (cf. Figure 3.16 (b)):

Ts Ts

1
Iour. ave = Ip ave = / Ip dt = — It avg dt = It avg - (1= D)  (3.5)
Ts Jo Ts Jprs
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Figure 3.16: Boost converter currents

The ripple current Aiy, (cf. Figure 3.16 (a)) is given by:

_Vix DT

AZL I3 D) (3.6)

The inductor size has to be chosen such that the inductor current never reaches zero
(CCM). From this condition follows that:

Air, < It, ave (3.7)

For the given converter with the following values,

Vink. = 4.0...53V

Vour = 55V
Iour = Iour avg = 180mA
fs = 1.3MHz (3.8)

using Equations 3.1, 3.5 and 3.7, a lower limit on the inductor size L of 1.7 uH is provided.
Within this calculation, all components have been assumed to be ideal and negative effects
such as voltage drop of the diode, saturation of the inductor, etc. were neglected.

The used switching regulator is a LM3224 from National Semiconductors. This device
operates at a high switching frequency of 1.3 MHz which allows for small inductor and
output capacitor size. Further, it provides a soft start facility which limits the inrush
current during power up. The limitation of the inrush current is important to fulfill the
current restriction of the USB specification.

The datasheet [11] gives a typical value of 10 uH for the inductor size. On the other side,
the online design tool WEBENCH? suggests an inductor size of 22 uH. At the time of
designing the power supply, WEBENCH was still under construction. The component
values calculated by the design tool changed at irregular intervals so these values should
not be given to much attention. Anyway, for safety reasons, a value of L = 22 uH is
taken for the design because the price and the mechanical dimension are nearly the same,
furthermore the inductor peak current is reduced which improves the efficiency.

“National Semiconductor website, see http://www.national.com/appinfo/power/
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Shutdown

In order to achieve a suspend current consumption® of less than 500 A for the whole
device, the power supply has to be completely turned off. The boost controller U2 in
Figure 3.9 provides a shutdown mechanism by pulling the \SHDN-pin low. With this, the
quiescent current of U2 is reduced to 3.2 pA including the \SHDN-pin current. But care
has to be taken because current still can flow over L3 and D3. Though the supply voltage
is reduced in this case, the current consumption still exceeds the 500 pA limit. The LDO
(U6) itself provides an V_EN-pin that, when pulled low, let U6 operate like a high-side
switch and reduces its quiescent current to 0.01 uA. Therefore, current consumption of
the analog part can be reduced to 3.2 uA when suspended.

3Current consumption during USB suspend state, cf. Subsection 4.2.2
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Chapter 4

Communication

4.1 Introduction

Within this chapter the communication between the computer and the built attenua-
tor/phase shifter is introduced. The implementation on the basis of SCPI over USBTMC
was chosen for several reasons:

e Allows seamless integration into MATLAB

e Follows an industry standard

e Simple integration into any test-and measurement application
e Relatively easy to implement

e Cheap

To emphasize the simplicity of this approach for the end user, consider the following
MATLAB code:

hPS = visa(’agilent’,’USB0::4292::33136::2008-0C: :0: : INSTR’) ;
fopen (hPS) ;

fprintf (hPS, ’*IDN?’);

idn = fscanf (hPS);

disp(idn);

fclose (hPS);

These few lines of code create and open a device handle to the phase shifter, and query the
response to a “*IDN?”-command. The response to this query is displayed in the MATLAB
command prompt:

TU-Vienna J.S./H.A.,Phase-Shifter,2008-0C,T.00.00.01

The explanations discussed here are exclusively restricted to the demands of the built
attenuator and phase shifter and are only a small subset of the underlying standards.
These standards are referenced at the beginning of every subsection.
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4.2 Universal Serial Bus

4.2.1 Introduction

The Universal Serial Bus (USB) is, as the name suggests, a serial bus. It supports the
following speeds:

e Low-speed - 1.5 Mbits/s
e Full-speed - 12 Mbits/s
e High-speed - 480 Mbits/s

Data transmission takes place over a single differential data line pair, which improves
the robustness. Two additional wires deliver the power for the devices which can be
connected or removed during operation. All transactions are host centric meaning that
the host initiates every bus transaction. A transaction is termed OUT if the host writes
data down to the device and is termed IN if the host reads data from the device.

The complete USB specification can be found under [5].

4.2.2 Low Level Protocol
Basics

This section describes the USB lower protocol layers which relates to [5], chapters up to
and including chapter 8. These are best understood by looking at an example. Therefore,
Figure 4.1 illustrates the scenario where the host requests the device descriptor during
enumeration.

—>| SETUP | DATAO| ACK W % IN |DATA1 | ACK W %j

C»{ IN |DATAO| ACK V% IN |DATA1| ACK Wﬂj

C>| ouT |DATA1 | ACK |—>

Figure 4.1: Host reading the device descriptor
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Each USB transaction is comprised of a series of packets, which consists of a

e Token packet (header defining what the following data is to be expected), a
e Data packet (optional, containing the payload) and a

e Status packet (used to acknowledge transactions and to provide a means of error
correction).
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Figure 4.2: Most important USB packet types

Token packets are generated by the USB host and decoded by the USB device. Data and
handshake (status) packets are both decoded and generated by the USB device, depending
on the type of transaction. The packets itself are composed of several fields. In Figure 4.2
an extraction of the most important packets is shown.

As said before, the USB is a host centric bus. As can be seen in Figure 4.1, the host
initiates the control transfer by sending a dedicated token packet, the Setup (SETUP)
token. Further can be seen in Figure 4.2, the SETUP-token consists of a Synchronization
(SYNC) field, followed by a Package Identifier (PID) field, and so on.

The SYNC-field equals the 8-bit pattern 0x80, the 4-bit PID- and PID-field equal 0xD
and 0x2. Data on the USB is transfered starting with the Least Significant Bit (LSB),
followed by the next higher but until the Most Significant Bit (MSB). Multiple byte fields
are moved over the bus in little-endian order, i.e., LSB to MSB. This results in the bit
stream “Raw Data” , pictured in Figure 4.3.

0000000 1i0100i1011 01111111101
RawData_—l__l_|_!_|_l—_2

i Y o I e T o B ey
Bit Stuffed | J-STATE

NRZI i i na 1 % ksTATE
Encoded ’

STUFFED BITW

Figure 4.3: Data encoding sequence

In order to ensure adequate signal transitions, bit stuffing is employed by the transmitting
device when sending a packet on USB (Bit stream “Bit Stuffed”, Figure 4.3). A zero is
inserted after every six consecutive ones in the data stream before the data is encoded
following the Non Return Zero Inverted (NRZI) scheme. This enforces a transition in the
NRZI bit stream. This reason for this is to give the receiver logic a data transition at least
once every seven bit times to guarantee the data and clock recovery.

33



4.2. UNIVERSAL SERIAL BUS

In the next step, the “Bit Stuffed” stream is NRZI encoded. In NRZI encoding, a “1” is
represented by no change in level and a “0” is represented by a change in level. After the
NRZI encoding (Bit stream “NRZI Encoded”, Figure 4.3), a high logic level represents the
J state on the data lines and a low logic level represents the K state.

In the final step the NRZI encoded data stream is mapped onto the differential data lines,
Figure 4.4. The receiver defines a differential “1” as D+ > Vg (min) and D— < Vo (max)
and a differential “0” as D— > Vog(min) and D+ < Vor(max). However, the assignment
of the J and K states to the differential “0” and “1” is different for low-speed and full-speed
devices. For full-speed devices, the J state represents the differential level “1” and the K
state represents differential “0”. For low-speed, this assignment is reversed. This is due to
the speed identification of the USB devices: at the host side, both differential lines D+
and D— are pulled to Vgg with a 15k resistor. At the device side, a low-speed device
pulls D— to +3.3V with a 1.5k resistor, a high-speed device pulls D+ to +3.3 V. Thus,
when the USB is in idle state and differential lines are not driven, a low-speed receiver
sees a differential “0”, a high-speed receiver sees a differential “1” giving a J state (a logic
high level) in both cases.

EOP

< . BUS DRIVEN TO
< > IDLE STATE
VOH(min) = [ | M
VSE (max) - _ _| [
VSE (min) _ _ Y
VoL (min) _ _ [
Vss e B - T —————= i—- U A __J_ .
T E FIRST BIT OF PACKET T_ BUS FLOATS _T
BUS IDLE SOP END OF SYNC BUS IDLE

Figure 4.4: Bit sequence on the physical layer

The USB differential data lines can also be driven single ended. This is used for signaling
purposes such as signaling the End Of Packet (EOP) where both D+ and D— are driven
below Vo1 (maz) for about two bit times, followed by a J for the duration of one bit time
(cf. Figure 4.4). The state where both D+ and D— are driven below Vo (maz) is termed
single-ended 0 (SE0). A SEO driven for more than 10 ms signals a (device) reset.

A USB device may draw a current of up to 500 mA after it has been configured (is placed
in the configured state, see Subsection 4.2.3). All devices must support the power saving
suspend state. A USB device will enter suspend state when it sees a constant idle state
on their bus lines facing upstream for more than 3 ms. Within the next 10 ms the device
has to reduce the current consumption to below 500 zA. This includes the 200 pA current
from the pull up resistors on the bus. In the absence of any other bus traffic, the Start
of Frame (SOF') token will be sent every 1.0ms for full-speed devices and each 125.0 us
for high-speed devices to keep them from suspending. In the absence of low-speed traffic,
low-speed devices will see at least one keep-alive which is a EOP-Packet every 1.0ms to
keep it from suspending.
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Endpoints and Pipes

Logically, the USB appears as a star topology with up to 127 devices connected to a single
hub. A client software directly communicates with the associated device. Each device has
a unique address, which is assigned to it by the USB host during configuration. Every
USB transaction begins with a token packet (SETUP, IN or OUT') which contains among
other fields the Address (ADDR) field that is compared by the device with its own address
(cf. Figure 4.2). In case of a match the device further reads the Endpoint ENDP field and
based on that information copies the data into the appropriate First In First Out (FIFO)
buffer. These numbered FIFO’s are termed endpoints as they are the sources or sinks of
data. The logical communication channel between the client software on the host and an
endpoint on the device is termed pipe.

USB defines two types of pipes:

e Message pipes have a defined USB format. They are initiated by a request sent from
the host. Data is then transferred in the desired direction, dictated by the request.
Therefore, message pipes allow data to flow in both directions but will only support
control transfers.

e Stream pipes have no defined USB format. Data flows sequentially and has a pre-
defined direction, either in or out. Stream pipes support bulk, isochronous and
interrupt transfer types.

Each device supports at least the bidirectional endpoint 0 which is the default pipe. This
default pipe which is a message pipe is essential to set up a USB device after attachment.

The USB defines four transfer/endpoint types:

e Control transfer
e Bulk transfer
e Interrupt transfer

e Isochronous transfer

whereof only the first three are discussed here.

Control Transfers

Control transfers are typically bursty, random packets which are initiated by the host and
use best effort delivery. It can have up to three stages:

e The setup stage is where the request is sent. The SETUP-token is sent first which
contains the address and endpoint number. The following DATAQO packet contains a
setup packet! which details the type of request. The last packet is a handshake used
to acknowledge successful receipt or to indicate an error. If the function successfully
receives the setup data it responds with A CK, otherwise it ignores the data and does
not send a handshake packet, see Figure 4.5, topmost.

Wil be explained later, not to be confused with SETUP-token.
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e The optional data stage consists of one or multiple IN or OUT transfers. The setup
packet from the setup stage indicates the amount of data to be transmitted in this
stage. If it exceeds the maximum packet size, data will be sent in multiple transfers
each being the maximum packet length except for the last packet, see Figure 4.5,
middle.

e Status stage reports the status of the overall request and this once again varies due
to direction of transfer, see Figure 4.5, bottom.

Setup Stage:

—>| SETUP I—->| DATAO |—->| ACK |—> Key
oS
Data Error R I:lGenerated

| Device
> Generated

Setup Toke Error

Data Stage:

->| ACK

->| DATAX '—
Data Error
—>| STALL

Setup Toke Error

\AZ [

v

—>| ouT |—->| DATAX |—->| ACK

T

NACK

STALL

I

Data Error

v

Status Stage: Normal

Completion DATAO
—> IN P »| Zero Length ACK

Error
» STALL
Still

Processing _| NAK
L |

A.
\4

v

Normal

DATAO Completion
Zero Length >

—» OUT ACK

v

Still

Processing NACK
Error STALL

Token Packet : Data Packet :Handshake Packet

Figure 4.5: Control transfer

Bulk transfers

Bulk transfers can be used for large amounts of data. FError correction in the form
of a Cyclic Redundancy Check (CRC16) field on the data payload and error detec-
tion/retransmission mechanisms ensuring that data is being transmitted and received
without error. Bulk transfers will use spare unallocated bandwidth on the bus after all
other transactions have been handled. If the bus is busy with isochronous and/or interrupt
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then bulk data may slowly trickle over the bus. As a result bulk transfers should only be
used for time insensitive communication as there is no guarantee of latency and transfer
rates. Bulk transfers are only supported by full and high speed devices. A bulk transfer
is considered complete when it has transferred the exact amount of data requested, trans-
ferred a packet less than the maximum endpoint size or transferred a zero-length packet.
Figure 4.6 shows the format of a bulk-in and bulk-out transaction.

—>| IN I——»l DATAX |——>| ACK l—»Success
Data Error
STALL > Halt

NAK Bulk: Nothing to send
Interrupt: No interrupt pending
> |n Token Error

Key:

: Host
—>| ouT |—->| DATAX '—"| ACK |—>Success |:|Generated

Device

:l Generated
NACK Failure
STALL Halt

‘'———————> Error

Token Packet : Data Packet :Handshake Packet

Figure 4.6: Bulk and interrupt transfer

Interrupt Transfers

Interrupt transfers are typically non-periodic, small device “initiated” transfers requiring
bounded latency. An interrupt request is queued by the device until the host polls the USB
device asking for data. Interrupt transfers offer guaranteed latency and error detection
and next period retry. Figure 4.6 shows the format of an interrupt-in and interrupt-out
transaction, which is very similar to the format of bulk transfers.

4.2.3 High Level Protocol

This section describes the USB device framework which relates to [5], Chapter 9. Distinct
from the low level protocol described in Subsection 4.2.2 which is mostly implemented in
silicon, this subsection is most important for writing device firmware.

Device States

A USB device can be in one of the following states:

e Attached
e Powered
e Default

e Address
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e Configured

e Suspended

The state of an USB device is not defined when detached from the USB. After the device
is attached to the USB and powered up, it receives a reset (SEO for geql0ms) from the
host. After this reset the device is in the default state. The other states will be explained
later.

Device Request

All USB devices respond to requests from the host on the device’s default pipe. These
requests are made using control transfers. Therefore, the introductive example from Sub-
section 4.2.2 where the host requests the device descriptor during enumeration (Figure 4.1)
is considered again. The request and its parameters are sent to the device in the setup
packet. This setup packet is the payload of the Data (DATA0) packet sent throughout the
setup stage of this control transfer (cf. Figure 4.5) and always has a length of eight bytes.
The host is responsible for establishing the values passed in the fields listed in Table 4.1.

] Offset ‘ Field ‘ Size ‘ Value ‘ Description
0 bmRequestType | 1 Bitmap | Characteristics of request:
Dr: Data Transfer Direction
0 = Host-to-Device
1 = Device-to-Host
D6..5: Type
0 = Standard
1 = Class
2 = Vendor
3 = Reserved
D4..0:  Recipient
0 = Device
1 = Interface
2 = Endpoint
3 = Other
4..31 = Reserved
1 bRequest 1 Value Specific Request
wValue 2 Value Field, varies according to request
4 windex 2 Index Field, varies according to request, typically
or index/offset
Offset
6 wLength 2 Count Number of bytes to transfer if there is a data
phase

Table 4.1: Format of setup packet

Every USB device has to support a set of device requests common for all USB devices,
the so called standard device requests:

e CLEAR_FEATURE
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e GET_CONFIGURATION
e GET_DESCRIPTOR

e GET_INTERFACE

e GET_STATUS

e SET_ADDRESS

e SET_CONFIGURATION
e SET_DESCRIPTOR

e SET_FEATURE

e SET_INTERFACE

e SYNCH_.FRAME

Standard requests are common to all USB devices, class requests are common to classes of
drivers. For example, all devices conforming to the Human Interface Device (HID) class
will have a common set of class specific requests. These will differ to a device conforming
to the communications class and differ again to that of a device conforming to the mass
storage class. Last are the vendor defined requests. These are requests assigned by the
USB device designer and are normally different from device to device.

USB devices must respond to standard device requests, even if the device has not yet been
assigned an address or has not been configured. In the example the setup packet has the
following values:

bmRequestType | 0x80 (Dir = IN, Type = Standard, Recipient = Device)
bRequest GET_DESCRIPTOR (=0x06)

wValue DEVICE (=0x0001)

windex 0x0000

wLength 0x0012 (=18). Number of bytes to transfer

Compared to Table 4.1, bmRequest Type will determine the direction of the request, type of
request and designated recipient. The second field is bRequest and determines the request
being made, in this case the standard device request GET_DESCRIPTOR. The wValue
and windez fields allow parameters to be passed with the request, in this case the wValue
is set to DEVICE (the host wants to read the device descriptor). wLength is used the
specify the number of bytes to be transferred. In case of a data phase, this is the total
length of the device descriptor.

In the setup stage of this control transfer the setup packet is transmitted. In the following
data stage the requested descriptor is transmitted. In this case this is the so called device
descriptor, Table 4.2. In Figure 4.1 it is assumed that the maximum payload size is 8 bytes,
the transmission of the 18 byte long device descriptor is done in 8 byte chunks except for
the last transaction. Omnce the device descriptor is sent, a status stage follows. If the
transactions were successful, the host will send a zero length packet indicating the overall
transaction was successful. The function then replies to this zero length packet indicating
its status. In Table 4.2, the vendor- and product-ID (fields idVendor and idProduct) is
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taken from reference designs available for the used Silicon Laboratories microcontroller
C8051F342 [6].

bLength 0x12
bDescriptorType 0x01
bcdUSB 0x0200
bDeviceClass 0x00
bDeviceSubClass 0x00
bDeviceProtocol 0x00
bMaxPacketSize 0x40
idVendor 0x10C4
idProduct 0x8170
bedDevice 0x0100
iManufacturer 0x01
iProduct 0x02
1Serial Number 0x03
bNumConfigurations | 0x01

Table 4.2: Standard device descriptor reported by the phase shifter

There are a couple of standard descriptors, the most important are DEVICE (just dis-
cussed), CONFIGURATION, STRING, INTERFACE and ENDPOINT. For more infor-
mation refer to [5], Chapter 9.

Enumeration

Enumeration is the process of determining what device has just been connected to the bus
and what kind of parameters it requires such as power consumption, number and type of
endpoint(s), class of product etc. The host will then assign the device an address to the
device and enable a configuration allowing it to transfer data on the bus.

The entire USB framework was developed on a PC running a Windows operating system.
A common Windows enumeration involves the following steps:

1.

The host or hub detects the connection of a new device via the device’s pull up
resistor on the data pair. The host waits for at least 100 ms allowing for the plug
to be inserted fully and for power to stabilize on the device.

The the host issues a reset placing the device in the default state. The device may
now respond to the default address zero.

The host asks for the device descriptor.

After receiving the first 8 bytes of the device descriptor, it immediately issues another
bus reset.

The host now issues a set address command, placing the device in the addressed
state.

The host requests for the entire 18 bytes of the device descriptor.

40



4.2. UNIVERSAL SERIAL BUS

7. It then asks for 9 bytes of the configuration descriptor to determine the overall size.
8. The host asks for 255 bytes of the configuration descriptor.

9. The host asks for any string descriptors if they were specified.

At the end of Step 9, Windows will ask for a driver for the device. It is then common to see
it request all the descriptors again before it issues a set configuration request. Normally
when something is wrong with a descriptor or how it is being sent, the host will attempt
to read it three times with long pauses in between requests. After the third attempt, the
host gives up reporting an error with the device.
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4.3 Test and Measurement Device Class

4.3.1 Introduction

An USB device class is a method of organizing common functions and protocols for devices
that serve similar functions, for example, communication, audio, display, and so on. All
devices that support such a device class have to exactly follow the class specific requests and
protocols defined for this device class - in return, no special device driver has to be written
since it is (mostly) provided by the computer’s operating system. The Universal Serial
Bus Test and Measurement Class Specification (USBTMC) is defined in [4]. It specifies
the shared attributes, common services, and data formats for devices with a USBTMC
compliant test and measurement interface. Protocol and interoperability requirements are
set so that the host software can manage multiple implementations based on this USBTMC
specification.

A special class of USBTMC devices includes devices which support IEEE 488 messages.
Specifications unique to USB IEEE 488 (USB488) devices are found in the USBTMC
USB488 subclass specification, [12]. These USB488 devices should be reviewed within this
section.

A USB488 device must be able to support the endpoints shown in Figure 4.7.

< Control endpoint > :

Bulk-OUT endpoint >

- usB488
< Bulk-IN endpoint interface

Host Device

< Interrupt-IN endpoint

Figure 4.7: Overview of the USB488 communication model

The default control endpoint must support control transfers as defined in the USB specifi-
cation, [5]. The default control endpoint is used to send standard, class, and vendor-specific
requests to the device, interface, or endpoint. The class specific requests are discussed in
Subsection 4.3.2.

The bulk-out endpoint is used to provide a high performance (by means of a high data
rate, as long as there is no other bus traffic), guaranteed delivery data path from the
host to the device. The host must use the bulk-out endpoint to send USBTMC command
messages to the device and, the device must process the USBTMC command messages in
order of arrival. The host must also use the bulk-out endpoint to set up all transfers on
the bulk-in endpoint.

The bulk-in endpoint is used to provide a high performance (by means of a high data rate,
as long as there is no other bus traffic), guaranteed delivery data path from the device to
the host. The host must use the bulk-in endpoint to receive USBTMC response messages
from the device.
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The message exchange over the bulk-in and bulk-out endpoints is explained in Subsection
4.3.3.

The interrupt-in endpoint is used by the device to send notifications to the host and is
discussed in Subsection 4.3.4.

4.3.2 Control Endpoint Requests

Every USB device must support the standard requests required by the USB specification
[5]. In addition, an USB488 device must also support several class specific requests. The
following discussion is restricted to the class requests listed below:

e GET_CAPABILITIES (Returns attributes and capabilities of the USBTMC inter-
face).

e READ_STATUS_BYTE (Returns the IEEE 488 status byte).

All USBTMC class specific requests must be sent within a setup packet (cf. Table 4.1)
where the bmRequest Type. Type = Class.

GET_CAPABILITIES

The host uses the GET_CAPABILITIES request to read additional attributes and capa-
bilities of a USBTMUC interface. For this request, the fields in the setup packet are:

bmRequestType | 0xAl (Dir = IN, Type = Class, Recipient = Interface)
bRequest GET_CAPABILITIES (=0x07)

wValue 0x0000

windex Must specify interface number? (see [5])

wLength 0x0018 (=24) . Number of bytes to transfer

A device must be ready to receive a GET_CAPABILITIES request at any time.
When a device receives this request, the device must queue the control endpoint
GET_CAPABILITIES response packet which is in the case of the implemented phase
shifter /attenuator shown in the table below:

2A USB device may have several interfaces, e.g. a device which comprises a logic analyzer and an
oscilloscope.
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USBTMC _status 0x01
Reserved 0x00
bedUSBTMC 0x0100

USBTMClInterfaceCapabilities | 0x00
USBTMCDeviceCapabilities 0x01

Reserved 0x000000000000
bcdUSB488 0x0100
USB/88InterfaceCapabilities 0x04
USB/488DeviceCapabilities 0x0C

Reserved 0x0000000000000000

The fields of this GET_CAPABILITIES response packet are defined in [4], Subsection
4.2.1.8 and in [12], Subsection 4.2.2. The reported capabilities are:

e The device supports ending a bulk-in transfer from this USBTMC interface when a
byte matches a specified TermChar.

e The interface is a 488.2 USB488 interface.
e The device understands all mandatory SCPI commands.

e The device is Service Request (SR1) capable (i.e., the device is able to ask for a service
request, see [13] for details). The interface must have an interrupt-in endpoint and
the device must use the interrupt-in endpoint to request service, in addition to the
other uses described in [12].

READ_STATUS_BYTE

The READ_STATUS_BYTE request provides the ability for a host to read the IEEE 488
status byte on the device. For this request, the setup packet fields are:

bmRequestType | 0xAl (Dir = IN, Type = Class, Recipient = Interface)
bRequest READ_STATUS_BYTE (=0x80)

wValue D7: Must be 0.

D6..D0: The bTAG value for this request (2<bTag<127).
D15..D8: Reserved. Must be 0x00.

windex Must specify interface number (see [5])

wLength 0x0003 (=3) Number of bytes to transfer.

A USB488 device must be ready to receive a READ_STATUS_BYTE request at any time.
When a device receives the READ_STATUS_BYTE request, it must queue the control
endpoint response shown in Table 4.3.

The status byte itself is not returned within the control endpoint response Table 4.3.
Rather, the device must queue a response (shown in Table 4.9) on the interrupt-in endpoint
before it queues this control endpoint response. If the interrupt-in endpoint response can
not be queued because the interrupt-in FIFO is full, the device must set the control
endpoint response USBTMC_status = STATUS_INTERRUPT_IN_BUSY.
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’ Offset \ Field \ Size \ Value \ Description
0 USBTMC status | 1 Value | Status indication for this request.
1 bTag 1 Value | The bTag value from the
READ_STATUS_BYTE request.
2 Constant 1 0x00 | Status Byte will be returned on interrupt-in
endpoint.

Table 4.3: The READ_STATUS_BYTE control endpoint response format

4.3.3 Bulk Endpoint Requests
Basics

Every bulk transaction starts with an USBTMC message header shown in Table 4.4
wherein the first 4 fields (MsgID, bTag, bTagInverse and Reserved) are the same for all
message types. The header is followed by the actual USBTMC message data, and in a
final step 0 to 3 alignment bytes are added if necessary to force the overall USBTMC
message size to a multiple of 4.

’ Offset ‘ Field ‘ Size ‘ Value ‘ Description

0 MsglD 1 Value | Specifies the USBTMC message and the type of
the USBTMC message.

1 bTag 1 Value | Transfer identifier. bTag such that
1<bTag<255. See text.

2 bTaglnverse | 1 Value | The inverse of the bTag.

3 Reserved 1 0x00 | Reserved. Must be 0x00.

4-11 — 8 — USBTMC command message specific.

Table 4.4: The USBTMC messag header

The MsgID-field can be assigned among others® the following values

e DEV_DEP_MSG_OUT (The USBTMC message is a USBTMC device dependent
command message)

e REQUEST_DEV_DEP_MSG_IN (The USBTMC message is a USBTMC command
message that requests the device to send a USBTMC response message on the bulk-in
endpoint)

e DEV_DEP_MSG_IN (The USBTMC message is a USBTMC response message to
the REQUEST_DEV_DEP_MSG_IN)

The bTag-field is a transfer identifier. The host increments b7Tag by 1 each time it sends a
new bulk-out header (if b7ag is already 255, it is set to 1 for the next header). For bulk-in
transfers, bTag must match b7Tag in the USBTMC command message transfer causing this
response.

3The vendor specific requests defined in [4] and the TRIGGER command message defined in [12] are not
discussed here.
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Depending on the value of the MsgID-Field the USBTMC command message specific
header part (Offset 4-11 in Table 4.4) varies.

DEV_DEP_MSG_OUT bulk-out command message

In case of MsgID equals DEV_DEP_MSG_OUT the header is defined according to Ta-
ble 4.5. The field TransferSize specifies the total number of USBTMC message data bytes
to be sent in this USB transfer. This does not include the number of bytes in this bulk-out
header or alignment bytes and must be greater than 0x00000000. The bit bm Transfer-
Attributes. D0 signals the End Of Message (EOM). It is 1 if the last USBTMC message
data byte in transfer is the last byte of the USBTMC message and 0 if the last USBTMC
message data byte in transfer is not the last byte of the USBTMC message.

’ Offset ‘ Field ‘ Size ‘ Value ‘ Description ‘

0-3 — 4 — See Table 4.4.
4-7 TransferSize | 4 Number | Total number of USBTMC message data
bytes to be sent in this USB transfer. See

text.
8 bmTransfer- 1 Bitmap D7..D1: Reserved. All bits must be 0.
Attributes Do: EOM. See text.
9-11 Reserved 3 0x000000 | Reserved. Must be 0x000000.

Table 4.5: The DEV_DEP_MSG_OUT bulk-out header

REQUEST_DEV_DEP_MSG_IN bulk-out command message

In case of MsgID equals REQUEST_DEV_DEP_MSG_IN the header is defined according
to Table 4.6. The field TransferSize specifies the maximum number of USBTMC message
data bytes to be sent in response to the command. This, again, does not include the num-
ber of bytes in the bulk-in header or alignment bytes and must be greater than 0x00000000.
The bit bmTransferAttributes. D1 signals TermCharEnabled. It is 1 if the bulk-in transfer
must terminate on the specified TermChar. The host may only set this bit if the USBTMC
interface indicates it supports TermChar in the GET_CAPABILITIES response packet.
If this bit is 0 the device must ignore TermChar. If bmTransferAttributes. D1 = 1 (Term-
CharEnabled), TermChar is assigned an 8-bit value representing a termination character.
If supported, the device must terminate the bulk-in transfer after this character is sent. If
bm TransferAttributes.D1 = 0, the device must ignore this field.

DEV_DEP_MSG_IN bulk-in command message

In case of MsgID equals DEV_DEP_MSG_IN the header is defined according to Table 4.7.
The field TransferSize specifies the total number of message data bytes to be sent in this
USB transfer. This does not include the number of bytes in this header or alignment bytes
and must be greater that 0x00000000. The bit bmTransferAttributes.D1 is 1 if all of the
following is true
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’ Offset \ Field \ Size \ Value \ Description

0-3 — 4 — See Table 4.4.

4-7 TransferSize | 4 Number | Maximum number of USBTMC message
data bytes to be sent in response to the
command. See text.

8 bmTransfer- 1 Bitmap | D7..D2: Reserved. All bits must be 0.
Attributes Di1: TermCharEnabled. See text.
DO: Must be 0.
9 TermChar 1 Value See text.
10-11 | Reserved 2 0x0000 | Reserved. Must be 0x0000.

Table 4.6: The REQUEST_DEV_DEP_MSG_IN bulk-out header

e The USBTMC interface supports TermChar.

e The bmTransferAttributes. Term CharEnabled bit was set in the
REQUEST_DEV_DEP_MSG_IN-Request.

e The last USBTMC message data byte in this transfer matches the TermChar in the
REQUEST_DEV_DEP_MSG_IN-Request.

It is 0 if one or more of the above conditions is not met. The bit bm TransferAttributes. D0
again signals the EOM. It is defined as in Table 4.5.

] Offset ‘ Field ‘ Size ‘ Value ‘ Description

0-3 — 4 — See Table 4.4.

4-7 TransferSize | 4 Number | Total number of message data bytes to be
sent in this USB transfer. See text.

8 bmTransfer- 1 Bitmap D7..D2: Reserved. All bits must be 0.

Attributes Di1: See text.

Do: EOM. See text.

9-11 Reserved 2 0x000000 | Reserved. Must be 0x000000.

Table 4.7: The DEV_DEP_MSG_IN bulk-in header

An example

In this example it is assumed that the host queries the identification string from the device.
Therefore, the host sends the ASCII-string “*IDN?7\” down to the device which responds
with the ASCII-string “XYZ,246,5-01234-0,0\n”. The bulk transfers involved are pictured
in Figure 4.8. In this figure, it is assumed that the bulk-in and bulk-out endpoints both
have an endpoint size of 16 bytes (i.e., the bulk-in and bulk-out endpoint FIFO is 16
bytes).

The communication starts with a bulk-out transfer, its data payload is a USBTMC message
of type DEV_DEP_MSG_OUT and has the following values:
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1. *IDN?' Bulk-OUT USBTMC message:

—| our |DATAO| ack 777 our | paat | ack 7 et
enerate

.................................................................. : Device
................................... Generated
ECEEGE B3 D v

IN |DATAO| ACK |—>

Figure 4.8: Transactions involved with an “*IDN?”-Query

MsgID DEV_DEP_MSG_OUT
(=0x01)
Bulk-out bTag 0x03 (varies with each
header. transfer)
cf. bTaglnverse 0xFC
Table 4.5 Reserved 0x00
TransferSize 0x00000006 (=6)
bm TransferAttributes | 0x01 (EOM is set).
Reserved 0x000000

Device dependent | 0x2A = "%
message data bytes 0x49 =T

0x44 =D’
0x4E = "N’
0x3F =7
\n” = newline
Alignment bytes 0x0000

As mentioned at the beginning of this Subsection, all USBTMC messages start
with a header of 12 byte, whose fields are defined in this case of MsglID equals
DEV_DEP_MSG_OUT in Table 4.5. The bTag-field is 0x03 in this example, bTagln-
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verse is the inverse (one’s complement) of bTag giving 0OxFC. The End Of Message (EOM)
bit is set, signaling that the last USBTMC message data byte in the transfer is the last
byte of the USBTMC message.

The actual USBTMC message data follows the header and is made up of the 6 ASCII-
Characters "*’, 'I’, 'D’, "N, ’?” and \n’. The TransferSize-Number in the header equals
the number of sent ASCII-Characters.

The last 2 bytes are the alignment bytes inserted by the host to result in an overall message
size of 20 bytes (=12 bytes header 4+ 6 bytes of message data + 2 bytes alignment), which
is a multiple of 4.

In the next step, the host requests the response to the just sent “*IDN?”-query.
For this purpose it initiates another bulk-out transfer setting MsglD to RE-
QUEST_DEV_DEP_MSG_IN (=0x02) which has the following values:

MsgID REQUEST_DEV_DEP_MSG_IN
(=0x02)
Bulk-out bTag 0x04 (varies with each transfer)
header. bTaglInverse 0xFB
cf. Reserved 0x00
Table 4.6 | TransferSize 0x00000200 (=512)
bmTransferAttributes | 0x00
TermChar 0x00
Reserved 0x0000

This message only consists of the header defined in Table 4.6. As stated before, the
host increments bTag every time it issues another bulk-out transfer. Therefore, bTag is
incremented by 1 giving 0x04. The size of the message data in the subsequent bulk-in
transfer, which is the response to this message, must not exceed TransferSize which is
0x00000200 (=512) in this example.

In a third and last step, the host reads the actual response from the device which is the
ASCII-String “XYZ,246,5-01234-0,0\n”. This bulk-in transfer has the following payload:
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MsgID DEV_DEP_MSG_IN (=0x02)
Bulk-in bTag 0x04 (Equals bTag
header. cf. from the previous RE-
Table 4.7 QUEST_DEV_DEP_MSG_IN

message)

bTaglnverse 0xFB

Reserved 0x00

TransferSize 0x00000014 (=20)

bmTransferAttributes | 0x01 (EOM = 1).

Reserved 0x000000

Device dependent | 0x58 = "X’
message data bytes 0x59 =Y’

0xbA =7’
0x2C =)
0x32 =2’
0x34 =4’
0x36 = 6’
0x2C ="
0x53 =S’
0x2D ="~
0x30 =0’
0x31 ="1’
0x32 =2’
0x33 =3
0x34 ='4’
0x2D = -’
0x30 =0’
0x2C =)
0x30 =0’

"\n’ = newline

This message is a DEV_DEP_MSG_IN (=0x02) message and the fields are de-
fined in Table 4.7. The bTag-Field must equal bTag from the previous RE-
QUEST_DEV_DEP_MSG_IN message, thus b7ag is 0x04. The length of the message
data is given by the TransferSize-Number which is 0x00000014 (=20) bytes, and must
not exceed TransferSize-Number from the last REQUEST_DEV_DEP_MSG_IN message,
which was 512 bytes.

The actual message starts with offset 12 and is 0x58, 0x59, 0x5A,...,0x2C, 0x30 and 0xA
which equals the ASCII-string “XYZ,246,5-01234-0,0\n”. No alignment bytes are needed
in this case for two reasons: First, the overall message size in this case is already a multiple
of 4 bytes. Second, alignment bytes for bulk-in transfers are generally optional.

Important to note is that the device always has to terminate a bulk-in transfer by sending
a short packet. A short packet may have a length of up to the size of the bulk-in endpoint
minus 1 including zero. In the example pictured in Figure 4.8 it is required to send a packet
of length zero. Otherwise, the host would not consider the bulk-in transfer as finished.
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4.3.4 Interrupt-IN

A 488.2 USB488 (as in this case reported by the GET_CAPABILITIES response packet)
must include an interrupt-in endpoint. There are two conditions which generate an
interrupt-in notification:

e A Service Request (SRQ) is generated. In this case the device must send an interrupt-
in packet with the format shown in Table 4.8.

e A READ_STATUS_BYTE request is received, the device must send an interrupt-in
packet with the format shown in Table 4.9.

After receiving an interrupt-in notification the host must consider the interrupt trans-
fer complete. The host must interpret the next interrupt-in data as a new notification,
beginning with bNotify1.

’ Offset \ Field \ Size \ Value Description
0 bNotifyl | 1 Number D7: Must be 1.
D6..D0: bTag. The bTag field must be 0x01.
1 bNotify2 | 1 StatusByte | The IEEE 488.2 defined Status Byte returned
during a serial poll.

Table 4.8: The USB488 interrupt-in packet sent due to an SRQ condition

] Offset ‘ Field ‘ Size ‘ Value Description

0 bNotifyl | 1 Number D7: Must be 1.

D6..D0:  bTag. Must must be the same as the
bTag value in the
READ_STATUS_BYTE request.

1 bNotify2 | 1 StatusByte | The IEEE 488.2 defined Status Byte returned

during a serial poll.

Table 4.9: The USB488 interrupt-in packet sent due to a READ_STATUS_BYTE request
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Chapter 5

Calibration and Measurement Results

5.1 Calibration

The phase shifter and the attenuator have to meet their selected values, the phase angle
and the attenuation, as closely as possible. Therefore, the devices have to be calibrated in
order to eliminate systematic errors. During calibration, the DAC values corresponding
to certain discrete angle/attenuation values have to be found and stored subsequently in
the device’s internal memory.

5.1.1 Interpolation

Since the memory space on the phase shifter’s and attenuator’s microcontroller is limited
(32kByte for calibration data), only a limited amount of supporting points can be stored.
Generally, requested values have to be interpolated between these supporting points (which
is done in a linear manner).

Attenuation

The attenuation D is calibrated at certain points d, = n - Adgy from n = 0...511,

Ade, = % dB. Attenuations between these calibrated points are interpolated in a linear

manner, which is shown in Figure 5.1.

»
.

Xn X Xn+1 DAC

Figure 5.1: Linear interpolation of the attenuation

In the figure above, x,, = I, and z,41 = I,,4+1 are two calibrated points belonging to the
attenuations d,, and dp41, the attenuation x = I (the DAC values I) to the attenuation d
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should be interpolated. The index n corresponding to the supporting point x,, is calculated
by (|-| denotes the floor- operator):

d
n = 5.1
P (1)
Next, the factor p is introduced:
d
p= -n 5.2
Adcal ( )
The searched point x is then given by:
= (Tpy1 — Tp) P+ T (5.3)
which is the same as:
I=(UIy1—1) p+1, (5.4)

Phase angle

The phase angle is calibrated at certain points o, = n - Adea from n =0...255, Aqca =

22% rad. Phase angles between these calibrated points are interpolated in a linear manner,

which is shown in Figure 5.2a.

Qoac
A

DAC > loac
(a) (b)
Figure 5.2: (a) Linear interpolation and (b) systematic error for the phase angle
In the figure above, @, = (I,,Q,) and Zp41 = (Int1,@ny1) are two calibrated points
belonging to the phase angles a;, and a1, the vector Z = (I, Q) (the DAC values I and
Q) to the angle «a should be interpolated. The index n corresponding to the supporting

point &, is calculated by:

a

| (5.5)

"= L AO‘cal

Next, the factor p is introduced:
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o
p= —-n 5.6
AOécal ( )
The searched point & is then given by:
T = (Tpy1 — Tp) - p+ Tn (5.7)
which is equivalent to the two scalar equations:
I = (Iny1—1,)-p+1, (5.8)
Q = (Qn+1 - Qn) “p+Qn (59)

This linear interpolation leads to an inherent amplitude error which is upper bounded by
Ar (cf. Figure 5.2b):

A
Arzr(l—cosf) , T =T = |Znta] - (5.10)

In this case, the relative amplitude error is bounded by % = 7.589-107° which corresponds
to a ripple on the output power of 6.6 - 1074 dB and can be risklessly neglected.

5.1.2 Measurement Setup for Calibration
Used Equipment

Table 5.1.2 gives a listing of all the instruments used in the following calibra-
tion/measurement tasks. All of these devices can be connected to a computer which
allows for remote controlling from MATLAB. The advantage of this approach is, that
the calibration and the following measurement routines as well as the evaluation of the
measured results can be comfortably written and tested in software.

’ Name ‘ Manufacturer
Network analyzer Agilent E8364A
Power meter Agilent E4417A
Power sensor Agilent E9300H
Spectrum analyzer Rohde&Schwarz FSEK 30
Signal generator Agilent E82442
Temperature chamber | Heraeus Viétsch VM 04/200

Table 5.1: Instruments used for calibration and measurement of the attenuator/phase
shifter
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Attenuator

The measurement setup for calibrating the attenuator is outlined in Figure 5.3!.

Signal Spectrum
Generator D.UT. Analyzer

L8

Figure 5.3: Measurement setup for attenuator calibration

With this measurement setup the calibration and also the subsequent measurements are
carried out. Therefore, the attenuator input power has to be adjustable from —30... +
15 dBm.

For the measurements basically three setups are feasible:

e Using the network analyzer: the drawback of this method is the fact that the network
analyzer’s port power is limited to a dynamic range of around 30dB during a single
power sweep. This would require to split the measurement into two intervals.

e A signal generator in combination with a power meter: As absolute power of less
than —60 dBm have to be measured with an accuracy of some 0.01 dB, this method
would take a long time as the power meter has to average in order to attain the
given accuracy.

e A signal generator in combination with a spectrum analyzer: This method was
selected because of the high accuracy of the measurement of the relative power in
combination with the short measurement time.

The attenuator input power is set to —10dBm. For this input power the device offers an
amplitude error of less than 0.1 dB (see Subsection 5.2 for details).

A spectrum analyzer is equipped with a couple of possible detectors, e.g. Min-Max, RMS,
and so on. For power measurements, the RMS detector is used. The Resolution Bandwidth
(RBW) is set to 10 Hz, span is set to zero and the sweep time to 500 ms. These actions
improve the measurement accuracy by reducing the noise.

The whole calibration process is controlled by a MATLAB program and comprises of the
following steps:

! Applies for Figure 5.5, Figure 5.7, and Figure 5.8. Figure 5.6 was measured using the measuremet setup
shown in Figure 5.4.
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. Single values are taken in regular, coarse steps over the full DAC range (I chan-

nel only). These values are written to the DAC and the resulting attenuation is
measured.

. The attenuation values are improved using interpolation. DAC I values are estimated

out of this improved data using smaller value steps, written to the DAC again, and
the corresponding attenuations are measured. Step 2 is repeated until the desired
attenuation values are reached with sufficient accuracy (about 4 times).

. The resulting values from the last step are stored in the attenuator’s internal cali-

bration memory using a dedicated SCPI command (:CAL:DATA).

Phase Shifter

The measurement setup for calibrating the phase shifter is outlined in Figure 5.4.

Network
Analyzer

i

Figure 5.4: Measurement setup for phase angle calibration

The output power for the network analyzer’s port 1 is set to 0dBm. This is the typical
input power for the modulator chip as specified in [10].

The network analyzer measures the complex amplitude of the transfer function (Sg;).
This complex amplitude can be represented as a phasor in the polar plane. An ideal phase
shifter does not alter the magnitude and changes the phase only. The phasor’s tip follows a
perfect circle when changing the phase. In order to minimize the phase shifter’s “insertion
loss”, the magnitude should be as large as possible.

The whole calibration process is controlled by a MATLAB program and comprises of the
following steps:

1. Single values are taken in regular, coarse steps from the full DAC range (I and Q

channel). All possible combinations of these values are output to the DAC and the
resulting So; is measured. This gives a coarse information about the reachable area
in the polar plane.

. The measured S9; values from Step 1 are improved using interpolation. The largest

possible circle is determined based on the improved grid. This circle is reduced by a
safety margin to overcome measurement noise and other negative effects.
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. T and Q values for the selected circle are estimated using interpolation. These esti-

mated values are written to the DAC and the corresponding So; values are measured
again.

The resulting values from the last step allow for an accurate estimation of the final
I and Q values, which are stored in the phase shifter’s internal calibration memory
using a dedicated SCPI command (:CAL:DATA).
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5.2 Measurement Results

5.2.1 Attenuator

/
\

Y

l —
0.8 T
0.6+
2 T=15°C
0.4r o d —+—T=25°C
—6—T=35°C
% , """""""""" Interpolated
5 02t
| \
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~<f \/k/\/HJ VY
s \
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3
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1
5 10 15 20 25 30
Attenuation D (dB)

Figure 5.5: Attenuation error vs. attenuation over temperature (fiseqsure = 2.125 GHz,
P;y = —10dBm)
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Figure 5.6: Phase response vs. attenuation (7' = 25°C, Pry = —10dBm)

Figure 5.7:

Phase Angle ¢ (Deg)
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Attenuation vs. input power over attenuation (fireqsure = 1.8 GHz, attenua-
tions calibrated for P;y = —10dBm)
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Figure 5.8: Attenuation error vs. input power over attenuation (fareqsure = 1.8 GHz, at-
tenuations calibrated at Pry = —10dBm)
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5.2.2 Phase Shifter
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Figure 5.9: Related amplitude error vs. phase angle over temperature (fireasure
2.125 GHz, Pry = 0dBm)

61



5.2. MEASUREMENT RESULTS

15
b - — )
& T=15°C
—+—T=25°C
0.5} —e—T=35°C
————— > |deal
e L e L e
(5]
a
<
<
5 -05F
]
(]
[%2]
©
ey
o -1F
151
5 WW
_25 | | | | | | |
0 50 100 150 200 250 300 350

Angle ¢ (Deg)

Figure 5.10: Phase error vs. phase angle over temperature (fifeqsure = 2.125 GHz, Pry =
0dBm)
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Figure 5.11: IQ error vs. phase angle over temperature, the error amplitude is magnified
by a factor of ten (fireqsure = 2.125 GHz, Pry = 0dBm)
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5.2.3 Discussion of Results
Attenuator

The attenuator is designed to operate on multiples of the fundamental frequency interval,
which is 1.8...2.45 GHz. For the measurement, this interval is restricted to the discrete
frequencies 1.8 GHz, 2.125 GHz and 2.45 GHz, and multiples. Since the obtained frequency
dependency of the attenuation error and the non-linearity is negligible, measurements are
only shown for the specified frequencies.

The calibration of the device was carried out at a temperature of 25°C.

Figure 5.5 shows the attenuation error. The attenuation error is already high for low
values of the selected attenuation. In order to find the reason for this uncertainty a
detailed analysis of the device and the schematic would be necessary. This would be eased
by the fact that the actual attenuator chip and the analog control circuit are mounted on
detachable PCB’s. Unfortunately, at the date of writing this thesis there was not enough
time for these verifications. One guess would be the missing low pass filtering of the output
signal of OpAmp UBSA in Figure 3.6, Subsection 3.3.1. The missing filtering may cause
noise at the control input V1 of the attenuator chip Ul, which results in an uncertainty
of the actual attenuation. This in turn causes problems during the calibration process.

Figure 5.6 shows the phase response for various frequencies. In the figure, the phase
rotation is normalized to 0° at 0 dB attenuation (corresponds to 2.5dB insertion loss).

Figure 5.7 shows the nonlinearities of the attenuator. The deviation from the ideal behavior
can be better seen in Figure 5.8. This figure shows the magnitude of the attenuation error
over input power and attenuation. As can be seen, the input power range for ensuring an
attenuation error of less than 0.1dB is limited to —12... —8 dBm. If a smaller dynamic is
sufficient, the interval of the possible input power is increased. The outline of the 0.25dB
compression corresponds very well with the specifications in the datasheet [7].

Phase Shifter

The phase shifter is designed to operate on the fundamental frequency interval, which is
1.8...2.45GHz. Like in the case of the attenuator, the obtained frequency dependency
of the measurement results is negligible and, therefore, measurements are shown for a
frequency of 2.125 GHz only.

The calibration was carried out at a temperature of 25°C.

The amplitude and phase error are shown in Figure 5.9 and Figure 5.10. For the calibrated
temperature of 25°C, the device behaves very close to an ideal phase shifter. For the
temperatures 15°C and 35°C, the amplitude error is still low but a considerable phase
shift is introduced by the device. In order to exclude any measurement errors caused by the
cabling, the influence of the temperature on the phase shift introduced by the cables was
measured. Also a change of the phase shifter’s input and output impedance with respect
to the temperature was measured. Both measurements did not show any temperature
dependency.
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Figure 5.11 shows the results from Figure 5.9 and Figure 5.10 in the polar plane. In order
to give an impression of the introduced error, the error amplitude is multiplied by a factor
of 10 for all temperatures, the phase error is not magnified.
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Chapter 6
Conclusion and Outlook

Within the scope of this diploma thesis three identical attenuators and three identical
phase shifters have been designed and built. Both device types are USB enabled and
fully integrated into a VISA environment, making the communication with MATLAB and
other applications markedly simple. Beside the mandatory SCPI commands needed for
compliance, additional commands have been implemented to allow for full control and
calibration of the devices. An additional power supply is not necessary as the supply
power needed by the devices is completely obtained from the USB.

The attenuator has an insertion loss of 2.5dB and offers a dynamic rage of 27.5dB. As
turned out by the measurement, the used attenuator chip behaves non-linearly not only for
high but also for low input powers which restricts the input power range significantly. The
device further shows a temperature dependency. However, it has no negative effect as it is
continuously compensated within the active harmonic load pull measurement setup. Fur-
ther, an improvement of the attenuation uncertainty could be attained by the application
of an additional filter for the attenuator chip’s control voltage input.

The phase shifter allows for input powers of —6... + 6 dBm while supplying a typical
output power of 5dBm. The device fulfilled all expectations with respect to stability and
accuracy. A present temperature dependence of the phase angle is compensated as in the
case of the attenuator.

65



Appendix A
Acronyms

ASCIl American Standard Code for Information Interchange
CCM Continuous Current Mode

CRC16 Cyclic Redundancy Check

DC Direct Current

DUT Device Under Test

EOM End Of Message

EOP End Of Packet

ESD ElectroStatic Discharge

HID Human Interface Device

GPIB General-Purpose Instrumentation Bus
GSM Global System for Mobile Communications
| In-Phase

IEEE Institute of Electrical and Electronics Engineers
ISM Industrial, Scientific, and Medical

LDO Low Dropout Regulator

LXI LAN Extention for Instrumentation

LO Local Ostzillator

LSB Least Significant Bit

MIPS Million Instructions per Second

MSB Most Significant Bit

NRZI Non Return Zero Inverted

OpAmp Operational Amplifier

PC Personal Computer

PCB Printed Circuit Board

Q Quadrature
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RBW Resolution Bandwidth

RF Radio Frequency

SRQ Service Request

TMC Test and Measurement Class

UMTS Universal Mobile Telecommunications System

USB Universal Serial Bus

USBTMC Universal Serial Bus Test and Measurement Class Specification
VISA Virtual Instrument Software Architecture

VAA Voltage Variable Attenuator
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Appendix B

Operation Manual

B.1 Connection Diagram and Technical Data

B.1.1 Attenuator

RF-Input
f=18..735GHz [
Py=-12 .. -8dBm

USB
Full Speed

Bus Powered,
100 mA max.
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RF-Output
Insertion Loss: 2.5 dB
Dynamic: 27.5 dB




B.1. CONNECTION DIAGRAM AND TECHNICAL DATA

B.1.2 Phase Shifter

usB
Full Speed

Bus Powered,
300 mA max.

RF-Input
f=18..245GHz |»

RF-Output
Pour=+5 dBm typ.

0

P,= -6 ... +6 dBm




B.2. PROGRAMMING COMMANDS

B.2 Programming Commands

This section contains information on all SCPI commands supported by the phase shifter
and attenuator. Table B.1 lists all parameter types allowed by the SCPI parser.

Parameter type ‘ Description

<arg> A generic command argument consisting of one or more of the other
data types.

<bNR1> Boolean values in <NR1> format; numeric 1 or 0.

<boolean> ON | OFF. Can also be represented as 1 or 0, where 1 means ON
and 0 means OFF. Boolean parameters are always returned as 1 or
0 in <NR1> format by query commands.

<integer> An unsigned integer without a decimal point (implied radix point).

<NR1> A signed integer without a decimal point (implied radix point).

<NR2> A signed number with an explicit radix point.

<NR3> A scaled explicit decimal point numeric value with and exponent
(e.g., floating point number).

<NRf> <NR1>|<NR2>|<NR3>

<nv> SCPI numeric value: <NRf>|MIN|MAX|UP
IDOWN|DEF|NAN|INF|NINF or other types.

<char> <CHARACTER PROGRAM DATA> Examples: CW, FIXed, UP,
and DOWN.

<string> <STRING PROGRAM DATA> ASCII characters surrounded by
double quotes, example: “OFF”.

<block> IEEE-488.2 block data format.

<NA> Not Applicable.

Table B.1: Parameter types supported by the devices

B.2.1 Common Commands

The common commands are implemented in a simplified manner in order to be compliant
to the SCPI standard (cf. [14], Subsection 4.1.1). For a description of this common
commands see IEEE-488.2 [13].
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Keyword Parameter Form Full Name

*CLS Clear Status Command

*ESE <nv> Standard Event Status Enable Command
*ESE? Standard Event Status Enable Query
*ESR? Standard Event Status Register Query
*IDN? Identification Query

*0PC Operation Complete Command

*0PC? Operation Complete Query

*RST Reset Command

*SRE <nv> Service Request Enable Command
*SRE? Service Request Enable Query

*STB? Read Status Byte Query

*TST? Self-Test Query

*WAI? Wait-to-Continue Command

B.2.2 Subsystem Commands

Subsystem commands control all phase Shifter and attenuator specific functions.

Angle Subsystem

The :ANGLe subsystem adjusts the desired angle using the calibration data for interpola-
tion. It is only available for the phase shifter. The subsystem commands and parameters
are described below:

Keyword Parameter Form Notes
:ANGLe <num_val> Phase shifter only.
:ANGLe
Parameter: Angle in Rad {in Deg}
Type: <NRf>

Range: 0...27 Rad {0...360 Deg}
Default:  Actual value stored by [:SETTings] :SAVE
Description: Set the desired phase angle at the current selected frequency point.
Query Form: :ANGLe?
Example: > :cal:curr:freq?
< 2.45e+9
> :angl 45 Deg
> :angl?
< 0.78539816
Set the phase angle to 45°. For interpolation the calibration data to
the frequency point at 2.45 GHz is used.

> :angl 10 Rad

> :angl?

< 3.71681469

Set the phase angle to 10 Rad = (10 mod 27) Rad = 3.71681469 Rad.
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Attenuation Subsystem

The :ATTenuation subsystem sets the desired attenuation using the calibration data for
interpolation. It is only available for the attenuator. The subsystem commands and
parameters are described below:

Keyword Parameter Form Notes
:ATTenuation <num_val> Attenuator only.
:ATTenuation
Parameter: Attenuation in dB
Type: <NRf>

Range: 0...27.5 dB
Default: Actual value stored by [:SETTings] :SAVE
Description: Set the desired phase angle at the current selected frequency point.
Query Form: :ATTenuation?

Example: > :cal:curr:freq?
< 2.45e+9
> :att 5.2 dB
> ratt?
< 5.2

Set the attenuation to 5dB, not including the insertion loss. For
interpolation the calibration data to the frequency point at 2.45 GHz is
used.

Output Subsystem

The :0UTPut subsystem gives a direct access to the two DAC output channel registers 1
and Q and is intended primarily for debugging purposes. The subsystem commands and
parameters are described below:

Keyword Parameter Form Notes
:0UTPut
:RAW <num_val>{,<num_val>}
:I <num_val>
:Q <num_val> Phase shifter only.
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:0UTPut :RAW
Parameter:
Type:
Range:
Description:
Query Form:
Example:

DAC Value

<integer>{,<integer>}

0 to 216 —1

Write directly to the DAC registers without using any calibration.
:0UTPut : RAW?

> outp:raw 1234,#b1011110101

> outp:raw?

< 1234,757

Set the DAC I output to 1234 and the Q output to 757.

routp:raw?

1234,757

:outp:raw #H8000

32768,757

Set the DAC I output to 32768 and let the Q output unchanged.

ANV ANV

> :outp:raw:i #hO
Set the attenuator to the lowest possible attenuation.

> :outp:raw:i #hffff
Set the attenuator to the highest possible attenuation.

> :outp:raw:q #hffff
This command has no effected when used in conjunction with the
attenuator.

> :outp:raw #h8000,#h8000
Set the phase shifter to the lowest possible output power.

:0UTPut:RAW: I

Parameter:
Type:
Range:
Description:
Query Form:
Example:

DAC Value

<integer>

0 to 26 —1

Write directly to the DAC I register without using any calibration.
:0UTPut:RAW:I?

> outp:raw:i 54321

Set the DAC I output to 54321.

outp:raw #hf,#b0101
outp:raw?

15,5

outp:raw:17?

15

Requests the current DAC I value.

ANV AN V V
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:0UTPut:RAW:Q

Parameter:
Type:
Range:
Description:
Query Form:
Example:

DAC Value

<integer>

0 to 216 —1

Write directly to the DAC Q register without using any calibration.
:0UTPut:RAW:Q7?

routp:raw?

1234,5678

:outp:raw:q #h8000
routp:raw:q?

32768

Set the DAC Q output to 32768.

ANV V V V

Calibration Subsystem

The :CALibrate subsystem is used load calibration data at certain frequency points into
the device. The calibration data is generated by a MATLAB function in general and used
to interpolate for arbitrary phase angles/attenuations. The subsystem commands and
parameters are described below:

Keyword Parameter Form Notes
:CALibrate
:DATA <num_val>,<block> Data must be 1024 bytes and is
different for phase shifter and
attenuator.
:CURRent
[:FREQuency] <num_val>
:DELete
:FREQuencies?
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:CALibrate:DATA

Parameter:

Type:
Description:

Query Form:
Example:

Frequency in Hz and associated calibration data
<NRf>,<block>

Write the frequency point and the associated calibration data block to
the internal calibration memory. The structure of the calibration data
block is different for phase shifter and attenuator.

Phase shifter:

The data block must contain 256 16-bit I and Q values belonging to
the angles n - 22% Rad starting with n = 0 to n = 255. The I and Q
values are interpreted in little-endian order. <block> has the form:
#41024<1(0), Q(0), I(1), Q(1), ..., I(255)=I(0), Q(255)=Q(0)>.
Attenuator:

The data block must contain 512 16-bit I values belonging to the
attenuations n - % dB starting with n = 0 to n = 511. The I values
are interpreted in little-endian order. <block> has the form:
#41024<1(0), I(1), ..., I(510), I(511)>.

:CALibrate:DATA?

> :CALibrate:DATA 1.8GHz, #41024<0x07, 0x17, 0x03, 0x5C,
0x33, 0x18, ..., Ox9E, OxbE, 0x07, 0x17, 0x03, 0x5C>

Write the calibration table for the phase angle to the frequency point
1.8 GHz where 1(0)=5895, Q(0)=23555, I(1)=6195, ..., Q(254)=24222,
1(255)=5895, Q(255)=23555. If the frequency point already exists the
associated calibration data is substituted, otherwise it is created.

> :CALibrate:DATA 7.2GHz, #41024<0xA2, 0x7C, 0x86, OxT7F,
., 0x89, 0xF8, 0xBA, 0xF8>

Write the calibration table for the attenuation to the frequency point

7.2 GHz where 1(0)=31906, 1(1)=32646, ..., 1(510)=63625,

I(511)=63674.

> :0UTPut:DATA?
< <1024 bytes of block data>
Requests the calibration data to the currently selected frequency point.
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:CALibrate:CURRent [: FREQuency]
Parameter: Frequency in Hz
Type: <NRf>
Description:  Selects the current frequency point used to interpolate the phase angle.
Query Form: :CALibrate:CURRent [:FREQuency]?
Example: > :cal:freq? :curr?
< 1.8e+9,2.1e+9,2.45e+9; 2.45e+9
> :cal:curr 2.1GHz
> :cal:curr?
< 2.1et9
The currently selected frequency point is changed from 2.45 GHz to
2.1 GHz. Trying to select an uncalibrated frequency point results in an
error (which can be requested by the SYSTem: ERRor subsystem), e.g.
trying :cal:curr 2.15MHz in this example causes an error, the current
frequency point remains unchanged.

:CALibrate:CURRent [ :FREQuency] :DELete
Parameter: None
Description: Deletes the calibration data to the currently selected frequency point.
Query Form: None
Example: > :cal:freq?; curr?
< 1.8e+9,2.1e+9,2.45e+9; 2.45e+9
> :cal:curr:del
> :cal:freq?
< 1.8e+9,2.1e+9
> :cal:curr?
< 1.8et9
Deletes the calibration data to the frequency point at 2.45 GHz. The
next available frequency is taken as current frequency which is 1.8 GHz
in this case.

:CALibrate:FREQuencies?
Parameter: None
Description: Returns a list of all frequency points belonging to the stored calibration
data.
Example: > :cal:freq?
< 1.8e+9,2.1e+9,2.45e+9
Calibrated frequency points are 1.8 GHz, 2.1 GHz and 2.45 GHz.

Settings Subsystem

The :SETTings subsystem allows to save the current device state which is restored on
power up. Therefore, the device can be used as a (static) attenuator or phase shifter
without running any software. Nevertheless, the device must be connected to a PC and
has to be properly installed, otherwise the device will be set into suspend mode by the
USB host and powers down its analog circuits.
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Keyword Parameter Form Notes
[:SETTings]
:SAVE

[:SETTings] : SAVE
Parameter: None
Description:  Stores the current device state to a non-volatile memory. The device
state is automatically recovered on power up.
Example: > :cal:curr?
< 2.45e+9
> :angle?
< 0.78539816
> :save
The phase angle of 7/4 Rad and the current frequency point of
2.45 GHz are stored.

System Subsystem

The :SYSTem subsystem commands are implemented in a simplified manner on order to
be complient to the SCPI standard (cf. [14], Subsection 4.2.1). For a description of this
subsystem commands see IEEE-488.2 [13].

Keyword Parameter Form Notes
:SYSTem
:ERRor
[:NEXT]?
:VERSion?

Status Subsystem

The :STATus subsystem commands are implemented in a simplified manner on order to
be complient to the SCPI standard (cf. [14], Subsection 4.2.1). For a description of this
subsystem commands see IEEE-488.2 [13].

Keyword Parameter Form Notes
:STATus
:0PERation
[:EVENt]?
:CONDition?
:ENABle <num_val>
:ENABle?
:QUEStionable
[:EVENt]?
:CONDition?
:ENABle <num_val>
:ENABle?
:PRESet

7



Appendix C

PCB-Layouts and Schematics

C.1 Phase Shifter

78
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C.2. ATTENUATOR

C.2 Attenuator
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C.2. ATTENUATOR

Figure C.8: Photograph of the assembled phase shifter (left) and attenuator (right)

86



Appendix D

Mechanical Drawings
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