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Resumen: El presente trabajo consiste en el disefio y ocorstin del primer
demonstrador back-end para el nuevo sistema radaregtd siendo actualmente
desarrollado por el instituto Fraunhofer FHR. Estevo radar coherente de bajo
costo para aplicaciones de navegacion maritimaugaearreglos de antenas activos
de barrido electronico (AESA) busca mejorar el dgsio que presentan los radares
de navegacion convencionales utilizando técnicasntigracion de pulsos y de
compresion de pulsos. Este trabajo inicia con wefeidion general de los sistemas
radar y una introduccién global del nuevo sisteatar en desarrollo mostrando sus
principales caracteristicas y los parametros gbemser considerados en el disefio
del demostrador back-end. Consecutivamente el dlidetal del back-end es
presentado a el cual es aplicado el plan de negladencia (power level plan). Este
analisis permite estimar el nivel de potencia déakg de ruido a lo largo de las
cadenas de transmision y de recepcion. A contidnagipara empezar el proceso de
fabricacion del demostrador se llevo a cabo selacde todos los componentes
electrénicos commercial off-the-shelf (COTS) reddes en el disefio. La técnica de
compresion de impulsos usada implica la transmid@&secuencias de fase binarias.
A fin de reducir las interferencias involucradabide al uso de estas secuencias, un
analisis detallado de los I6bulos laterales deuteibn de autocorrelacion se llevé a
cabo. Por lo tanto se indican los algoritmos mateos de busqueda de cdodigos
desarrollados y los resultados obtenidos con ekhoa.nueva seleccion en funcion
del maximo nivel de cross-correlacion fue necesaaia minimizar la interferencia
debida a los objetos situados fuera del rango deccién inequivoca del radar.
Finalmente se muestran los resultados de las meégi realizadas con el
demostrador back-end construido con los dispositietectronicos previamente
seleccionados.
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SUMMARY

The first radar system was created in 1904 by the German Christian
Hiilsmeyer, who was the first to use radio waves to detect the presence of
distant metallic objects but not its distance. His invention was developed for
commercial application as it was used to detect approaching ships on the
river. However, either the naval authorities or industry showed interest at
that time. It was not until war world II when practical radar were secretly
developed to meet the needs of the military applications, and until today this
continues to be one of their main applications.

Due to the introduction of new low-cost and high performance radar
systems, the design and manufacturing of commercial civilian radar system
for a wide range of purposes have become exceptionally relevant, especially
ship-borne and coast surveillance applications. In this field radar systems are
widely used for target detection and collision avoidance. Conventional ship-
borne navigation radar systems employ mechanically rotated antennas and
non-coherent signals with high peak power usually generated by a magnetron.
These characteristics require a constant maintenance and limit the general
performance of the radar, without mentioning high operational costs.
Currently, the department of antenna technology and electromagnetic
modeling (AEM), of the Fraunhofer institute for high frequency physics and
radar techniques (FHR) is working on the design and manufacturing of a
novel low-cost coherent radar for maritime navigation with active

electronically scanned array (AESA) antenna.

This new system uses coherent RF pulses enabling pulse integration
and pulse compression techniques allowing to cover the same distance ranges
with a lower peak signal power levels. Thus, there is no need for the
magnetron. This system, in order to provide a large distance range of
coverage, defines different operational modes, each covering a different radial
range and using different pulse shapes. The structure of the radar is based on
four active antenna front-ends arranged in a rectangular configuration, each
with +45° coverage. The antenna front-end is basically composed by the RF
feeding network, a large number of T/R modules and a linear array antenna
of 109 identical monopoles inserted into a parallel-plate waveguide (PPW)
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and a horn shaped section. Due to the modularity of the proposed system,
also single front-ends may be used separately at critical position on a shore
for coast or harbor surveillance.

This new radar system is expected to achieve all tasks of the
conventional ship-borne navigation and coast surveillance radar system
reducing as much as possible the manufacturing costs. The low manufacturing
costs and also the innovation of this system is accomplished by using, in the
system front-end, custom-made mixed-signal integrated circuits, mixed-signal
printed circuit boards (PCBs) and a serial feeding network. The system back-
end, on the other hand, reduces costs by utilizing low-cost commercial-of-the-
shelf (COTS) components which are commonly wused for wireless
communication systems and wireless LAN. The system back-end refers to the
part of the radar system where the amplification, shaping, modulation and
filtering processes are implemented, not only for transmission but also for
reception mode.

The objectives of this thesis involve the design and manufacturing of
the first demonstrator of this new system back-end. The design process
included a complete analysis of the signal and noise power levels along the
transmitter and the receiver. On the other hand, the selection of all the
suitable components, keeping always in mind to reduce as much as possible
the manufacturing costs, was made as part of the manufacturing process.

The system back-end is the RF unit that is constituted by the
transmitter and the receiver. The processes of amplification, shaping,
modulation and filtering that accustom or refine the signal are performed in
this unit. The transmitter must deliver a signal with the correct power level
and shape to be transmitted depending on the selected operational mode.
Therefore, the modulation of the signal to generate the pulses and sub-pulses
necessary for the pulse integration and pulse compression techniques is made
by this subsystem. The receiver, on the other hand, must amplify and refine
the received low signal power level from the targets to detect and provide a
suitable signal-to-noise ratio so the signal processing process that follows will
be able to detect the target and determine correctly the distance at which it
is placed. The design process of the system back-end was developed to satisfy
the power requirements of the system front-end and the signal processing
stage.
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For the construction of the system back-end demonstrator an
important design tool known as the power level plan was used. This analysis
allows to determine the signal and noise power level along the transmitter and
receiver chains due to a specific generated or received signal power level,
respectively. In order to make the power level plan analysis as practical as
possible, a constant update of the components' parameters was necessary,
substituting the estimated values for those given by the selected component
datasheets. The final power level plan was done using the measured values for
the actual electrical specification of the selected components. This analysis
improved the design process as it allowed to adapt the system back-end
theoretical design to the commercial available components.

The pulse compression technique chosen to be used by this system
implicated the generation of binary phased sequences. In order to reduce the
interferences involved, a detailed analysis of the autocorrelation sidelobe level
was performed, selecting for this system the sequences that provided the
lowest sidelobe levels possible. The computational time required by a certain
algorithm to calculate the maximum autocorrelation sidelobe level of all the
codes of a certain length and select those who presented the smallest one,
depends directly on their length. Due to the different sequence lengths
required by the system's operational modes, the search for the most suitable
codes could not be done with a single algorithm. In this thesis is presented an
exhaustive search algorithm which provides as a result all the optimum
sequences (minimum autocorrelation side lobe level) of a specific length. This
algorithm is restricted by the practical computational time it should use,
which for practical values permits results until a sequence length of about 40.
Also in this work is presented the development of an evolutionary algorithm
which allows to find near optimum codes within an acceptable computational

time for sequence lengths up to 100 binary digits.

To avoid interference due to the objects placed outside the
unambiguous range of the operational mode in used, different sequences must
be used from one pulse to the next one based on the maximum cross-
correlation level. For the sequences obtained by the developed algorithm a

subsequent selection based on the maximum cross-correlation level was done.

The built demonstrator shown in this thesis, satisfied all power
requirements and met the expected behavior predicted during the design
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process and the power level plan analysis. However, future work and
improvements must be done for this radar system back-end.
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Chapter 1

Introduction

1.1 Background and Motivation

Conventional ship-borne navigation and coast surveillance radar
systems operating both in X-band or in S-band wusually work with
mechanically rotated antennas, and employ non-coherent signals with high
peak power. The RF high power pulses are generated typically by a
magnetron which together with the rotating antenna require frequent
maintenance, produce high operational costs and limit the general
performance of the conventional radar systems. These characteristics make
the target detection and tracking a task considerably difficult to achieve.

The German company SAM Electronics GmbH (hereinafter referred
to as SAM) which is one of the major suppliers for sophisticated
Shipboard Degaussing Systems of various configurations for all types of naval
vessels, initiated a study to establish if would be possible to build an S-band
maritime radar system that eliminates the magnetron and employs
electronically controlled array antennas. This new system design must meet
all international performance requirements. This means, among other things,
that the radiated power can be lower than the one of systems currently
marketed, but the range must remain the same. As a further constraint, the
production costs must be as low as possible. At the beginning it was desirable
that the production costs were below 1.5 times the costs of the current



system. If it is possible to establish such a system, the company SAM wanted
to know who could develop this system.

Against this backdrop the Research Society of Natural Sciences FGAN
through its Research Institute for High Frequency Physics and Radar
Techniques (FGAN-FHR) in Wachtberg, Germany decided to follow through,
in 2007, the study and development of this new system which has been
baptized as RASKEL (study feasibility of a S-band radar for maritime
navigation with coherent signal processing and/or electronically controlled
antenna). This project was funded by SAM just during its first year. The
development of the demonstrator has been, since then, carried out and funded
by FGAN-FHR alone. Meanwhile FGAN-FHR has become an institute of the
Fraunhofer Society for the advancement of applied research (German:
Fraunhofer-Gesellschaft zur Férderung der angewandten Forschung e. V.)
changing its name to Fraunhofer FHR.

Currently, the department of antenna technology and electromagnetic
modeling (AEM) of the Fraunhofer FHR has initiated the development of a
low-cost coherent radar system demonstrator employing active electronically
scanned array (AESA) antennas for maritime applications. The RF system
uses coherent RF pulses enabling pulse integration and pulse compression
techniques. Defining different operational modes, each covering a different
radial range region and employing different pulse shapes. Four active antenna
front-ends are arranged in a rectangular configuration in order to ensure 360°
coverage. Each one of these consists of a linear array antenna composed by
one hundred nine (109) Transmit/Receive-modules, and a series feeding

network.

This project have been motivated by the fact that since 2007 the
international performance requirements and methods of testing for
commercial maritime navigation radar systems [Int07] dispose of the stringent
usage of short RF transmit pulses with high peak power for S-Band systems,
adding consequently to the design of a future S-band ship radar system a
number of new degrees of freedom. The radar systems now could operate with
lower transmit power and maintain their coverage or even improve it through
the use of coherent signals. To generate a lower transmission power a
magnetron is not needed anymore and other antenna types can be also
employed. The proposed system is expected to cover all tasks of the



conventional ship-borne navigation and coast surveillance radar system. The
RF system will be also able to perform many other new tasks because of the
agility of the AESA antennas and the prospects of coherent signal processing.
Additionally it should be possible, due to such an improved on S-Band
Radars, to reduce the cost so the total system costs maintains below 1.5 times
the cost of conventional radars. However, last estimations shown that the
manufacturing of this new system will require a higher price.

Figure 1.1.1: Potential new applications of the proposed system in addition to conventional
navigation support.

This system, for an easier analysis and development, has been divided
in three main sub-systems know as front-end, back-end and signal processing
stage. The front-end sub-system is responsible for collecting all the different
input signals and to process them in a way to match with the back-end input
specifications. This sub-system is basically composed by the RF feeding
network, a large number of T/R modules and a linear array antenna of 109
identical monopoles inserted into a parallel-plate waveguide (PPW) and a



horn shaped section [BPK10a]. The system back-end refers to the stage where
the amplification, shaping, modulation and filtering processes are
implemented, not only for transmission but also for reception mode. This sub-
system is constituted by the electronic devices that compose the transmission
and reception path. At last the signal processing is a software based stage
which extracts the target information from the echo signals already refined by
the back-end [BPK10b].

In this document an overview of the novel navigation radar
demonstrator will be given. Emphasis will be placed on the design, feasibility
and selection of commercial low-cost components, and construction of the first
prototype of the radar system back-end.

1.2 Problems and Objectives

SAM was interested in knowing if and how it is possible to produce an
S-band radar system that eliminates the necessity of the magnetron for the
generation of the radar signal pulses and that substitutes the mechanical
rotating antenna by an electronically controlled antenna. This system must
meet the applicable standards from July 2008, where it is established that
preserving the same operational range, the radiated power can be lower than
the one used by the conventional radar systems. This system also must have
the production cost as low as possible. Fraunhofer FHR is in charge of the
development of this project which has been divided in two sub-projects so far:
the design of the system front-end and design of the system back-end.

In respect of the system back-end design, which is the main purpose of
this thesis, it must meet the power requirements of the system front-end in
order to achieve the transmission of the radar pulses successfully.
Simultaneously, it must meet power and noise requirement of the signal
processing unit to assure the correct interpretation of the echo signals
received by the system front-end. As a further constraint and in order to
conform to the reduction of the production costs of the entire radar system,
the system back-end must reduce its production costs as much as possible by
basing its design on COTS (commercial-off-the-shell) components.



The objectives of this thesis are:

U Design of the transmitter and receiver path that compose the system
back-end considering all the signal and noise power requirements given
by [BerO7a] and Fraunhofer FHR.

U Due to the three operating modes established during the radar system
design, the transmitter must be capable of generating the different

pulse shapes required.

0 Search and selection of the COTS components that satisfy the
requirements in order to reduce as much as possible the production
costs. In case no suitable COTS components can be found, the design
of the missing components must be done. The components available at
or manufactured by Fraunhofer FHR have to be considered.

0 Development of an algorithm that allows to find the binary phased
sequences necessary for the pulse compression technique, with the
lowest maximum autocorrelation sidelobe level in order to reduce
possible interferences at the signal processing stage due to the high

autocorrelation sidelobe levels.

U Construction of the first system back-end demonstrator with the
selected components where the requirements of gain and noise figure
are satisfied for both transmission and reception mode.

1.3 Outline of the Thesis

The basic principles of operation regarding radar systems and a formal
description of the RASKEL project and the radar system under development
follow this introductory chapter. The fundamentals of the system front-end
are also introduced in Chapter 2 but as its design is not covered by this thesis
it is recommended to consult [Ber07a] and [Erk09] for a deeper understanding
of the radar system. This chapter also includes the system parameters that
had to be considered for the system back-end design. The full explanation of
the system back-end design and the innovation factor attached to it are
presented in Chapter 3. The power level plan where the gain requirements of



the reception and transmission path are estimated is described in Chapter 4.
In this chapter the signal and noise power level at all the stages of the
transmitter and receiver are illustrated. Chapter 5 introduces all the different
COTS components that were selected for the construction of the system back-
end demonstrator, listing also their main features. An overview of the
algorithms designed to find the suitable binary pulse compression codes that
will be used by the radar system is separately documented in Chapter 6. The
full description of the measurement procedures that were executed on all the
selected components and the results of the measurements that were made on
the first system back-end demonstrator are concentrated in Chapter 7.
Finally, Chapter 8 summarizes and concludes the thesis and gives an outlook
on the improvements that have been not implemented yet.



Chapter 2

Radar System Basic and Design

2.1 Basic Radar System Architecture and Operation

The term Radar is the acronym derived of "Radio Detection and
Ranging". It refers to the electronic equipment that detects the presence,
direction, height, speed and distance of objects by using reflected
electromagnetic energy [Sko81]. Radar is unaffected by darkness and also
penetrates weather. This permits radar systems to determine the position of
ships, planes, cars, spacecraft, people and even land masses that are invisible
to the naked eye because of distance, darkness, or weather. The radar
antenna transmits pulses of radio waves or microwaves which bounce off any
object in their path. The object returns a tiny part of the wave's energy to an
antenna which is usually located at the same site as the transmitter. The
radar then reads this returning signal and analyzes it.

Radar units are usually design to work with very high frequency due
the high resolution (the radar is able to detect smaller objects) that these
frequencies allow. Another reason for the use of high frequencies is that the
higher the frequency, the smaller the antenna size at the same gain.

The operation of a typical pulse radar may be described with the help
of the block diagram shown in Fig. 2.1.1. This block diagram is a simplified
version that omits many details and it does not include several devices often
found in radar.
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Figure 2.1.1: Block diagram of a pulse radar from [Sko81].

For traditional radar systems the high electromagnetic power that
must be delivered by the RF source may be obtained with the use of a
magnetron that is turned on and off as the Pulse Modulator commands in
order to generate a repetitive train of high power pulses. For the construction
of the radar transceiver a single antenna is most likely used, that is why a
duplexer has got to be implemented. The simplest duplexer that could be
used is a ferrite circulator which can provide the receiver with an echo signal
during the transmission time, having no limitations of blind distance.
Unfortunately, it is complicated to build circulators that can perform up to
many 100 kW in the practice, leaving the circulators as predetermined
duplexers for radar system with a very low transmitter's power.

An electronic switch can also be used as a duplexer, this must
alternately switch the antenna between the transmitter and receiver mode.
Unfortunately, it needs a recovery time situated in the nanosecond range.
This time represents the delay between end of transmission and beginning of
echo reception, and it determines the minimum distance from the radar

antenna towards the nearest object that can be detected [Erk09].

The receiver is usually of the super-heterodyne type. The first stage as
shown in Figure 2.1.1 is a low noise RF amplifier which is placed after the
antenna to reduce losses in the feed line, and also because the effect of the
noise from subsequent stages of the reception path will be reduced by its gain.
The mixer and the local oscillator convert the RF signal to an intermediate
frequency IF. In order to maximize the signal-to-noise power ratio at the
output, the IF amplifier should be designed as a matched filter. Then, the
pulse modulation is extracted by the second detector and amplified by the



video amplifier to a level where it can be properly displayed, usually for a
cathode-ray tube (CRT).

The directivity of the radar antenna establishes the angular
determination of the target. The antenna directivity Da defines the ability of
the antenna to concentrate the energy transmitted in one particular direction.
The elevation and azimuthal angle from the radar antenna to the target can
be found by measuring the direction in which the antenna is pointing when
the echo signal is received. The directivity is function of the size of the
antenna and the wavelength.

The angle between the true north and the straight line pointed directly
to the target represents the true bearing. This angle is measured in the
horizontal plane and in a clockwise direction from the north. For most of the
radar systems the antennas have been designed to radiate energy in one main
beam that can be moved in bearing by simply moving the antenna. In
practice, search radar antennas move continuously and the point of maximum
echo is when the beam points directly to the target [Sko81].

As has been implied before, the most common radar waveform is a
train of narrow, rectangular-shaped pulses modulating a sine wave carrier.
These pulses are repeated with a certain pulse repetition frequency (PRF).
The distance or range from the radar system to the target is determined by
measuring the time tq taken for one transmitted pulse to travel to the target
and back. Since electromagnetic energy propagates at the speed of light, the
range R is:

R= (2.1.1)

where ¢ = 300 Km/s,

Once the first pulse is transmitted, a sufficient length of time must
pass to allow any echo signals to return and be detected before the next pulse
may be transmitted. Therefore the pulse repetition frequency is fixed based on
the largest distance at which targets are expected. With this consideration it
is possible to determine the range beyond which targets appear as "second-
time around", which means that the echo signals coming from these targets
might arrive after the transmission of the next pulse causing ambiguities in



the measuring range. This range is called the maximum unambiguous range
and is:

c
Runamp = > -PRF

(2.1.2)

Even if the typical radar system uses pulse-modulated waveforms,
there are other suitable modulations that might be used. For example,
continuous waveform (CW) could be used in order to take advantage of the
Doppler Effect to separate the received echoes from the transmitted signal,
and the echoes from the stationary clutter [Sko81].

The minimum detectable range (or blind distance) is also important.
When the leading edge of the echo pulse falls inside the transmitted pulse, it
is impossible to determine the “round trip time”, which means that the
distance cannot be measured. The minimum detectable range Rmin depends
on the transmitted pulse with T, and the recovery time lrecovery of the
duplexer as is shown by Eq. (2.1.3). The receiver does not listen during pulse
transmission, because it needs to be disconnected from the transmitter during
transmission to avoid damage. In that case, the echo pulse comes from a very
close target. Targets at a range equivalent to the pulse width from the radar
are not detected.

c-(t+t
Rpiina = ( zrecovery) (2.1.3)

2.2 Radar Equation

The characteristics of the transmitter, receiver, antenna, target, and
environment can be related to the range of the radar by means of the radar
equation. The use of this equation is not only to assist in the design of radar
systems to meet the detection specifications set by the users but also provides
a means for predicting signal-to-noise ratios, and for predicting the maximum
range at which targets with given radar cross section (RCS) will produce a
specified signal-to-noise ratio (SNR).
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If the power of the radar transmitter is denoted by P:, and if an
isotropic antenna is used (one which radiates uniformly in all directions), the
power density at the distance R from the radar is equal to the transmitter
power divided by the surface area 4mR?. As practical radar systems employ
directive antennas to channel the radiated power into some particular
direction, this expression is affected for the measure of the increased power
radiated in the direction of the target as compared with the power that would
have been radiated from an isotropic antenna. This measure is known as the
antenna gain Ga. The power density at the target from an antenna with a

transmitting gain Ga is:

Pt.GA
S, =
7 4nR2

(2.2.1)

The target detection depends not only on the power density at the
target position but on how much power is reflected by the target in the
direction of the radar as well. The size and ability of a target to reflect radar
energy can be summarized into a single term, O, known as the radar cross
section, which is a measure of the target size as seen by the radar. Therefore
the power density at the radar due to the reflection from the target is:

Pt.GA o

= 2.2.2
Sr 4TR? 4mR2 ( )

The portion of the echo power that is intercepted by the radar antenna
is determined by its effective area Ae. As a result, the power B received by
the radar corresponds to:

PGy 0+ A,

P =
r (4m)2 - R*

(2.2.3)

Antenna theory gives the relationship between the transmitting gain

and the receiving effective area as:

4 - A,
A= Az

(2.2.4)

Consequently the antenna provides the received power

11



_PGytro- 22
~ (4m)3-R*-L

P. (2.2.5)
The parameter L represents the losses between transmitter output and
receiver input thus modeling all losses caused by switches, antenna,

atmosphere, etc.

The maximum radar range Rmax is the distance beyond which the
target cannot be detected. It occurs when the received echo signal power Pr

just equals the minimum detectable signal Smin. Therefore

G252
Ronae = | Ca” 04 (2.2.6)
(41)3 * Spin * L

Eq. (2.2.6) is the simplest representation of the radar equation.

2.3 Receiver Noise

The sensitivity of a radar receiver is determined by the unavoidable
noise that appears at its inputs. At microwave radar frequencies, the noise
that limits the detection is usually generated by the receiver itself rather than
by external noise that enters the receiver via the antenna. In the ideal case
where the radar operates in a perfectly noise-free environment, and the
receiver itself were so perfect that it does not generate excess noise, there still
will be present the thermal noise which is the noise component generated by
the thermal motion of the conduction electrons in the ohmic portions of the

receiver input stages.

The noise in a receiving system can be also from other noise-generating
processes, which most of them generate noise whose spectrum and probability
distributions are similar to thermal noise [Sko81]. For this reason all noise
sources can be gathered together and considered as thermal noise. The

thermal noise power is characterized as follow

N,=k-T,-B, (2.3.1a)
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where: k = 1.38x 10723 é (Boltzmann's constant).

By, represents the noise bandwidth.

T, is the system noise temperature which is equal to the IEEE
standard temperature (290 K).

The noise quantity k°To " Bw is known as the minimum output noise
power or "Thermal Noise' No, only reachable by an ideal receiver. Noise at
the output of a practical receiver is always greater by a factor F expressed in
Decibels and known as the noise figure. So the equation (2.3.1a) can be
rewritten as

N=k-T,-F-B, (2.3.1b)

The noise figure is a measure of the degradation of the signal-to-noise
ratio, caused by components in the RF signal path, for a specific bandwidth.
The noise figure of a receiver or any single electronic component, in case of
pure thermal noise at its input, can be expressed as:

()
()

where: S; and N; are the signal and noise power at its input, respectively.

F =

(2.3.2)

So and No are the signal and noise power at its output, respectively.

Considering now as an input signal Sin the minimum detectable signal
for a minimum signal-to-noise ratio necessary for target detection at the
receiver output SNRoutmin.

Smin =k Ty F-By, - SNRout,min (2.3.3)

And substituting this expression in the Eq. (2.2.6) it is possible to
calculate the maximum range in which it is possible to achieve detection
respecting the SNR requirements established for the receiver.

4 P.-G,% 022
Rogr = \/ t 4 (2.3.4)

(4m)3 -k T, F By - SNRoyt min " L
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2.4 Pulse Integration

Coherent Pulse Integration is a signal processing technique that allows
the enhancement of the SNR as a result of the inability to generate high
energetic radar pulses that ensure a large echo signal for large maximum
ranges, which is the major limitation of the conventional radar systems,
particularly for semiconductor driven radar. The pulse integration employs
the transmission of several pulses rather than a single pulse. The number of
pulses transmitted and received corresponds with the notation Np. Before the
detection, the receiver takes a coherent sum over all the pulses (i.e. with the
same phase). Random events like noise will not occur in every pulse and
therefore, when averaged, will have a reduced effect as compared to actual
targets that will be detected transmitting a single pulse.

The efficiency of coherent pulse integration can be determined as
follows. The full procedure is shown in [Erk09]. Knowing that the received
signal is composed by a signal and a noise component, with Tm(t) defined as
the m-th pulse received

Tm(6) = s() + np(t) (2.4.1)

where S(t) represents the signal content and Mm(t) is the additive white
Gaussian noise for the m-th pulse. As the objects to be detected are slow and
the used pulses are short, the fluctuations for the signal during a pulse train
are low, therefore S(t) is approximately equal for m = 1... N,.

Assuming Pulse Integration is conducted ideally and lossless, the
resulting signal coherent average becomes:

Np Np
raverage(t) = Nipmzzl m(t) = Z:lNip “[s(t) + ny(0)] (2.4.2a)

m

N (£)

2.4.2b
0 (2:4.20)

Np
raverage(t) = s(t) + Z
m=1

The noise power accumulated over all Np pulses is equal to the

variance
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*
Np N

Y2, = E Z n’]’\‘[(t) : Z n’]’\‘[(t) (2.4.3)

m=1 p m=1 p

where E equals the expected value operator. Thus

Np

1 P2
Y2, = m;E[nma) WOl =57 Z Blme= o (24)

where: Omk equals unity for M = k and zero else.
Y7 is the single pulse noise power.

In the average, the signal power remains the same as for a single pulse
while the noise power is reduced by a factor Np. As a result, the signal to
noise ratio of coherent pulse integration radar is Np times the SNR of a single
pulse radar.

SNRp; = N, - SNR, (2.4.5)

From Eq. (2.3.4) the new radar equation with coherent pulse
integration knowing that the maximum range operation is effectively
expanded by the number of processed pulses, is equal to:

P, Gy-A, 0N
Rmax::/ t 4 Te P (2.4.6)

(4m)2 -k T, F By L SNRyy,t min

The maximum number of pulses that can be transmitted per antenna
beam step is limited by the pulse repetition frequency PRF and by the fact
that a 360° scan is required to be repeated regularly. The maximum number
of pulses that can be transmitted per angle step equals:

max _ Oa PRF
N, = o (2.4.7)
scan
where éscan represents the angle to be scanned in one second and Bq is the
angular precision.

Throughout this analysis have been neglected some non-idealities that
reduce the efficiency of the coherent integration. The more significant effect is
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the loss due to antenna rotation. As the beam position of a phased array is
fixed and then moves on in a discrete time instant, the losses for a fraction of
the pulses (i.e. the fraction of the scan time in which the object is illuminated
with maximum gain as a result of the antenna moving from one beam
position to the next one) are not existent. All the other possible additional
losses have been considered in a loss overhead as part of system budget and is
shown in table (2.7.3).

2.5 Pulse Compression

Pulse compression is a generic term that describes a wave shaping
process that is used to compensate the limited peak power available for
transmission. The reason behind the origin of the pulse compression is the
desire to amplify the transmitted impulse power by temporal compression. As
well as pulse integration, this technique has as an aim to raise the receiver
SNR, increasing the average transmitted power [Erk09]. To do this at the
transmitter is necessary to generate pulses with longer duration. The radar
signal bandwidth relates to the pulse duration 7 as:

B = (2.5.1)

1

T
Due the time extension, the bandwidth of the signal decreases. Since a

low bandwidth B results in a low radial resolution AR this effect is not

desirable.

Co

AR = > (2.5.2)

where Co equals to the speed of light.

The Pulse compression combines the high energy of a longer pulse with
the high resolution of a short-pulse width. The use of this technique means to
modulate the radar pulse with some sort of phase or frequency modulation, in
order to increase the bandwidth and, thus the radial range resolution. Noise
bandwidth is enlarged at the same time and thus, the improvement in
resolution needed for enhanced range accuracy is realized by correlating the

16



received signal with the modulation scheme which was used for pulses
generation. To achieve this it is necessary the implementation of a match
filter, where the output SNR at the time instant tmax for the correlation peak
equals

SNR (t = tmax)

2'B-
SNRur,, T (2.5.3)

with B*T as the matched filter gain. At the end the SNR reduction is
compensated by the matched filter. As a result the overall system SNR is
untouched while the range resolution is enhanced at the cost of larger
bandwidth occupation and increased requirement on the complete receiver

circuitry.

The method that was chosen to be implemented in the proposed
system was a BPSK (i.e. Binary Phase Shift Keying) modulation in order to
generate phase-coded sequences. Here the long pulse that is going to be
transmitted is sub-divided into a specific number of shorter sub-pulses of
equal time duration; each is transmitted with a particular phase.

_ 1 T
Top = B, = N, (2.5.4)

where: Nsp is the number of sub-pulses.
Tsp is the sub-pulse duration.
B. is the transmitted signal bandwidth.

The binary code then consist of a sequence of either 41 and -1, so the
phase of the transmitted signal alternates between 0° and 180° in accordance
with the sequence use as modulator signal.

Substituting Eq. (2.5.4) in Eq. (2.4.6), it is possible to observe how the
use of pulse compression ideally adds new parameters to the radar equation.

P, Gy-A,-0-Ny-N
Rmax::/ L 4 T p__sp (2.5.5)

(4m)2 -k -To B, F+L*SNRyyt min
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2.6 RASKEL System Overview

Before the characterization and design of the system back-end, here an
overview of the entire radar system is presented providing in this way a
general picture of the whole system. The new radar system (or RASKEL
project as it has been baptize by Fraunhofer FHR) block diagram is shown in
Figure 2.6.1, where the individual sub-systems are shown as boxes connected
by control and signal paths. The front-end is the subsystem which determines
the feasibility of the radar system significantly. It contains the actual
innovations and the critical components. Deeper information about the design
of the front-end system can be found in [Erk09] and [BerO7a]. The
transmitter/receiver (back-end) is the subsystem on which this thesis is
focused. The innovation of this subsystem is based on the use of low cost
COTS (Commercial off-the-shell) components usually applied for wireless
communication and wireless LAN. The remaining units of the whole system

are described briefly below.

Order y
Completed System Control - PC
Filter Selection | - Operating Mode Selection _
Calibration - Checking ¢ - Network
- Presentation
System Module (x4)
[
¥ v v
Time Control Digital Antenna Control Signal Processing - PC
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Figure 2.6.1: Block diagram of the entire radar system, sub-systems with control and signal
paths [BPK10a).
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As was previously introduced, for this new radar system the magnetron
and the rotating antenna commonly utilized in a conventional system will be
replaced by the implementation of coherent radar pulses and linear active
electronically scanned array (AESA) antennas. The AESA is a type of phased
array radar whose transmitter and receiver functions are composed of
numerous small solid-state transmit/receive modules (TRMs). Each one of
these small modules emits its own energy "beam', reducing in this way the
electromagnetic emission and the probability to be detected.

As shown in the Figure 2.6.2, the total circumferential coverage is
achieved by arranging four system modules in a rectangular configuration.
Each system module, that includes an antenna front-end, and RF transmitter
and receiver (back-end) and a signal processing unit, cover 90° in the
azimuthal plane. These modules are controlled by a central unit that
distributes observation tasks and displays the target positions.

System module, including Signal

Processing PC, Transmitter/Receiver — -~

and Front-End

Signal Processing Computer
including A/D Converter,
Time Control and Digital
Antenna Control

Figure 2.6.2: Schematic representation of the spatial arrangement of the system components
[Ber07al.

Each one of the four system modules contains a local control unit
realized by e.g. a personal computer (PC), which is responsible for the signal
processing. Its purpose is to digitize the received signals and transmit them to
the system-control PC. Depending on the operating mode not only pulse
integration but pulse compression techniques can be performed as well.
Portions of these computationally intensive tasks can already be realized by
field programmable gate arrays (FPGAs) on the analog-to-digital converter
(ADC) card plugged into a PCI slot of the PC. The ADC is equipped with
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certain computational capabilities and can perform a fast Fourier transform
(FFT) of the received signals before passing them to the signal processing
unit. This card was implemented for the digitization of the Baseband I&Q
components of received echo signals with a sampling rate equal to 10 MS/s
and 14 bits resolution. In order to ensure synchronous sampling from pulse to
pulse of the received signals, the sampling time must be controlled via an
external trigger. In addition the trigger signal must be provide the timing
where the ADC must start the recording of the received data.

On the one hand the transmitter/receiver block is responsible for the
generation of the RF pulses to be transmitted, and must have sufficient power
for further amplification by the active antenna. On the other hand, it adjusts
the bandwidth and the power level of the received signal in such a way that
this level matches the dynamic range of the A/D converter after down mixing
the RF signal to baseband.

Since pulse integration and pulse compression techniques will be used,
the critical relation between the transmit time and the sampling point is
critical for this system. Therefore a dedicated time control for the
transmitter /receiver must be available. The pulse coding to be performed in
the designed system is a binary phased code. This process is known as Binary
Phase Shift Keying (BPSK). The individual sub-pulses are transmitted with a
specific phase delay of 0° or 180°. The binary phased sequences chosen to be
used in the system are memorized and maintained to be available for each
transmission time. The sequences are specified by the system control PC, and
can also be changed from pulse to pulse in order to reduce the interference
caused by other radar systems placed close enough and that could be working
simultaneously to this system. Finally, the digital antenna control is
responsible for switching the T/R modules between transmission and
reception mode and setting all phase shifter states for the required scanning

direction.

2.7 Novel Radar System Parameters

Based on the new performance standards for S and X-Band ship radar
[Int07], performances standards and some additional guidelines were set by
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SAM Electronics GmbH and Fraunhofer FHR. These parameters where
chosen in order to achieve that performance of the novel low cost radar
system to be at least equal to the performance of the conventional ones.

As this system has been designed to work in the S-Band, the frequency
range corresponds to the part of the spectrum from 2.9 GHz to 3.1 GHz,
typically using as the carrier frequency 3GHz.

The most important parameter to be determined in order to establish
the technical feasibility of the coherent signal processing radar with
electronically pointing antenna was the maximum transmit power of each
AESA antenna's T/R-modules. As a core of these modules were developed
integrated mixed-signal circuits in a 25nm SiGe BiCMOS technology with a
maximum transit frequency of 75 MHz with the purpose of reducing the
system's manufacturing costs [PBK10b]. This technology allows the
integration of bipolar junction transistor and CMOS technology into a single
integrated circuit device.

An overview of the implemented TR-modules is presented in Figure
2.7.1. It is shown that the module is mainly composed by three integrated
circuits (ICs): the double balanced power amplifier (DBPA), the T/R module
core integrated circuit (TRM-IC) with low noise amplifier (LNA) and phase
shifter (PS), and the GaAs high isolation switch (HIS) which acts as the
duplexer. While control functions and signal conditioning are dedicated to the
TRM-IC [EHO09a|, power amplification with reduced load sensitivity is
performed in the DBPA [EH09b]. The TRM-ICs have been designed to be
suitable for both transmit and receive mode requirements.

The high isolation switch included in the TRM protects the receiver
from damage caused by the high power of the DBPA and also serves to
channel the returned echo signals to the receive path and not to the transmit
path. This switching process between the transmission and reception path
mush be done for the module within a time of 200 ns. The switching time is a
significant value in order to satisfy the system's blind distance requirements.

Under ideal conditions, the maximum output power of one TRM at
3GHz is about 27 dBm. Consequently, this value is considered as the
maximum transmit power per antenna element for the further calculation.
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Figure 2.7.1: Block diagram of the implemented T/R module. The chip set is shown below to
put in evidence the high level of integration [BPK10a].

The phased array antenna is composed of +109 elements. Each one of
them has a directivity De that can be estimated by an ideal antenna pattern,
which is composed by the E-plane pattern of an E-plane sectoral horn [Bal97]
in elevation and the 3dB beam width of 120° of an active element pattern of
an array antenna [Poz94| in azimuth. The directivity of one antenna element
is about 11.1 dB and was obtained using a numerical integration.

Adversely to the rotating antennas, the beam of a phased array is
scanned in discrete steps. For this reason it was necessary to establish the
parameters of angular resolution, which define the azimuthal change of the
antenna beam. As shown in [Erk09], while the minimum angle between
individually detectable objects dictates the sharpness of the main beam (and
therefore the number, taper and spacing of the antenna elements), the
angular precision determines the minimum phase shift resolution.
Requirements on the elevation were defined as a certain minimum beam
width for covering an area large enough even when the platform is moving.
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Table 2.7.1: Angular resolution parameters.

Minimum angular Resolution 2.5°

Angular Precision 40 (Angular step size) 1°

Speed of antenna "rotation" (Refresh Time RPM) | 40 —

min

The number of rotations per minute determines the @wen time which is
the maximum time that the antenna beam spends per direction, and together
with the angular antenna precision sets the minimum digital interface speed.
Due to the fact that the semiconductor driven radar system employs coherent
pulse integration, it is possible to affirm that the refresh time of the antenna
array is the parameter that determines the maximum range as it limits the

number of pulses transmitted and received per direction as is shown in

Eq.2.7.1.

60 - A
P RPM-360

Nmax —

PRF (2.7.1)

The Radar system in development has been designed for a total
distance range from 40 meters to 96 Nautical Miles (INM = 1852m). It
becomes apparent based on the parameters shown above that with a single
operation mode it is not possible to cover this large range at once. Therefore
the total range has been divided in three overlapping sections, which means
three different operating modes called "Close", "Mid" and "Far" range.

The close range mode was designed so it has a blind distance less than
40 m and sets a coverage range of more than 1.5 NM. Due to the blind
distance requirements, in this range mode no pulse compression can be used,
therefore just pulse integration will be implemented. Due to the absence of
pulse compression the number of sub-pulses for this mode is equal to one.

The mid range mode extends from 0.75 to 12 NM while the far range
mode covers the distance from 3 to 96 NM. The blind distance restrictions for
these two operational modes allow to implement not only pulse integration
but also pulse compression techniques.

The number of pulses that will be transmitted for each angular step,
the number of sub-pulses that compose each pulse and the pulse repetition
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frequency (PRF) selected to satisfy the coverage characteristics for each one
of the different operating modes are shown Table 2.7.2.

Table 2.7.2: Operating modes characterization.

Operational Mode Close Mid Far
Parameter Range Range Range
Number of Pulses Np 108 15 3
Number of Sub-Pulses Nsp 100 ns 200 ns 400 ns
Sub-Pulse duration Tsp 1 32 80
PRF 26.042 kHz 3.720 kHz | 813.802 Hz

The noise figure of the receiver path was estimated initially as 6 dB,
based on [WCMO0] where for a similar X-Band system with a noise figure of 7
dB was presented. However, a more accurate approximation gives a value of
4.8 dB.

The standard performance of the system is based on a probability of
detection equal to 80% and a probability of false alarm of 107™*, It follows
from [Sko81] and Figure 2.7.2, that under ideal conditions and weak
fluctuating targets a signal-to-noise ratio equal to 11.2 dB at the receiver
output after coherent processing must be available. A more realistic value
equal to 14.3 dB was finally chosen to handle the possible fluctuation of the

targets.

Another important parameter that was necessary to be set for the
system design and calculation are the transmit/receive path losses Ltot which
in this case have been evaluated as -14.9 dB. The individual contributions
that compose the total losses are presented in Table 2.7.3. As is shown this
losses include ones which are independent of the distance. However,
atmospheric losses Latm are a function of the distance and its value can be
approximated by the factor 0.01 dB/km, at the operating frequency.

At last, in order to analyze the required transmission power for each of
the different operational modes under all the above parameters and
conditions, it was necessary to define certain scenarios where the radar system
had to achieve the detection successfully. Most of these scenarios are defined
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by [Int07]. In addition, due to the range ambiguity restrictions presented for
each operational mode some other scenarios with several minimum criteria for
the object detection were needed to be defined. These are shown in Table
2.7.4.
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Figure 2.7.2. Probability of detection for a sine wave in noise as a function of the signal-to-
noise ratio and the probability of false alarm [Sko81].

Table 2.7.3: Power dissipation estimation.

Cause of the Losses Transmit Path | Receive Path

Radom * -0.5dB - 0.5 dB

Ohmic Losses * -1.0dB - 1.0 dB

Active Reflection Coefficient (-10dB) * -0.5dB -0.5dB
32 dB Taylor (4) + Quantization ** 0 dB -1dB
Element Pattern at 46° * -1.6 dB - 1.6 dB
Weighting + Feed Network Loss™* 0 dB -4.1dB
Target at half-angle steps (A0=1°) * -2.6dB
Total Losses Ltot -14.9 dB

* These represent the losses due to the antenna Lane.

** These represent the losses due to the feeding network Lreed.
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Table 2.7.4: Detection requirements.

Range [NM] | Minimum RCS [m?]

1 0.1

2.625 1
3 0.5
3.6 1
3.7 0.5
8 180
11 5000
21 5000
24 5000
96 5000

Table 2.7.5 gives a summary of the most important parameters
previously presented. These parameters are the essence of all the subsequent

calculations.
Table 2.7.5: Global operating parameters.

Global Operating Parameter Value
Carrier Frequency 3 GHz
Signal-to-Noise Ratio at the Receiver output | 14.3 dB
Receiver Noise Figure 4.8 dB
Antenna Element Directivity 11.1 dB
Antenna elements per Array 109
Total Losses -14.9 dB
Refresh Time (RPM) 40 1/min
Angular step size 1°
Atmospheric attenuation -0.01 dB/km
Switching Time 200 ns
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2.8 Operating Modes and Power Requirements

In this section, based on all the requisites and parameters previously
defined, the basic calculation for the power requirements of the radar system
will be performed. As already mentioned, a single operating mode is not
enough to fulfill the system requirements of blind distance, radial resolution
and unambiguous range simultaneously. Therefore it is necessary to check for
each of the three operating modes defined in the previous section which
transmission power is required to meet all the specifications within the
allocated distance range. An operating mode is defined by a set of parameters,
composed by Refresh time, angle step size (both constants for all the
operating modes), pulse repetition frequency, number of radar pulses per
angular step, number of sub-pulses and sub-pulse width of which a pulse is
composed. The pulse duration can be expressed in terms of the number of
sub-pulses and the sub-pulse duration as shown in Eq. (2.5.4).

The parameters that characterize each operating mode are shown in
Table 2.7.1 and 2.7.2. These parameters lead to a number of derived variables
that will allow to estimate the power specifications of the system. From the
angular step size and the refresh time it is possible to determine the
maximum time during which the array antenna, pointing in one specific

direction, will be radiating the RF pulses and receiving the echo signals.

60 - A8

Tgir,max = RPM 360 (2.8.1)

The actual time used to face one specific direction is given by the
number of pulses and the frequency with which these are transmitted and
may be at most equal Tairmax.

N
Ty = —= 2.8.2
dir PRF ( )

The operating mode radial resolution depends directly on the duration
of the sub-pulses that shape each pulse.

C*Tgp
AR =
2

(2.8.3)
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On the one hand, in order to determine the blind distance for the
operating modes it is necessary to specify whether pulse compression is used
or not. For those operating modes that implement pulse compression
techniques the blind distance is determined by the time that is necessary to
transmit all the sub-pulses that constitute one pulse plus the time that the
T /R modules need to switch from the transmission to the reception mode.

As mentioned before the close range mode does not employ pulse
compression due to the closeness of the objects to be detected and the pulse
duration is smaller than in the other modes since less energy is needed.
Therefore the blind distance is restricted just by the switching time of the
T /R modules.

¢ Tsyi
—;W‘“h, without Pulse Compression
Ry = (2.8.4)
€+ (Ngp * Tsp + Toui
(Nsp 5’2’ SWltCh), with Pulse Compression

On the other hand the maximum distance at which an object can be
detected while a specific operating mode is being used, depends mainly on the
PRF used by that particular mode.

1
_ C* (W - NSp - Tsp - TSWltCh) (2.8.5)

Rmax 2

Based on the established parameters of the RASKEL system and the
variables introduced above it is possible to characterize the different operating
modes, as is shown in Table 2.8.1.

The next step is to determine the minimum transmit power per
antenna element needed for each operating mode in order to satisfy the
system requirements. For a linear array antenna with Ngiem antenna elements
and with the use of the pulse shapes already introduced, the expanded radar
equation [Sko81] takes the following form:

S
3. . ). . CRA L[S
(4m)3-F-k-T,-B.R (N)out

P, — (2.8.6)
Etem (Ngtem DE)Z o AR Liot * Latm Np ) Nsp *Ngtem
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Table 2.8.1: Operating modes detailed characterization.

Operating Mode
. Close Mid Far
Dependent Variable
Range Range Range
Signal Bandwidth B [MHz] 10 5 2.5
Range Resolution AR [m] 15 30 60
Blind Distance Rpiina [m)] 29.9792 989.3151 4826.65
Unambiguous Range Rmax [NM] 3.0837 21.2218 96.84
Maximum Aweu Time per Direction
4166.67 4166.67 4166.67

Tdir,max [MS]
Used dweu Time per Direction Tair 41479 4039 3686.4
[Ms]
Duty Cycle [%)] 0.26 2.38 2.60

In order to evaluate Eq. (2.8.6) it is necessary to establish a number of
scenarios (combination of distances and radar cross sections) to calculate
which transmit power per antenna element is needed to detect a certain
target at a certain distance. These scenarios were already introduced in Table
2.7.4.

To prevent any complication due to the different ambiguity ranges of
each operating mode and to reassure the overlapping between those, each
mode was designed to work on a range longer than the one presented in
section 2.7. For the close range mode the maximum range was designed to
reach a distance equal to 1.5x1.75 NM and to be able to detect an object with
a minimum RCS equal to 1 m?. The mid range mode on the other hand had
to be able to detect with the minimum transmit power per antenna element
an object with 5000 m? of RCS at a distance none bigger than 12x1.75 NM,
while the far range mode has the maximum range set at 96 NM. In Table
2.8.2 are shown the values for minimum required power per antenna element
depending on the operating mode for the detection of targets at specified
distances with the corresponding RCS. The empty fields in this table indicate
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that the detection under the specific operating mode, distance and RCS

cannot be done.

Table 2.8.2: Minimum required power per antenna element.

Minimum Transmit Power per
Antenna Element [ mW]
Range [NM] P[{nfz? Mode A Mode B Mode C
1 0.1 102.1 11.5
2.625 (1.5x1.75) |1 491.6 55.3 55.3
3 14 (600.9) 67.6 67.6
3 0.5 (1682.7) 189.3 189.3
3.6 1 197.3 197.3
3.7 0.5 440.6 440.6
8 180 27.7 27.7
11 5000 3.7 3.7
21 (12x1.75) 5000 53.0 53.0
24 5000 92.7
96 5000 (43875.3)

The maximum required power per antenna element calculated was
491.6 mW which represents 26.9 dBm. The T/R modules designed for this
radar system are capable to provide (under ideal conditions) a maximum
output power of about 27 dBm to each antenna element of the array. It is
important to note that in case of the far range mode, as a target at 96 NM is
impossible to detect due to the earth curvature, the minimum signal level
required in this case has been neglected. Keeping this in mind it is possible to
confirm that under these conditions it is possible to realize the system. In the
next table the maximum distances at which the different objects can be
detected are presented, if each antenna elements would radiate a power of 27
dBm.
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Table 2.8.3: Maximum distance reachable to detect specific objects with a transmit power per
antenna element of 27 dBm, taking into account the operating mode limitation.

Maximum Range [NM]
RCS Mode A (Close Mode B (Mid Mode C (Far
[m?] Range) Range) Range)
0.1 1.487 2.561 2.561
0.5 2.220 3.820 3.820
1 2.638 4.536 4.536
1.4 2.868 4.929 4.929
180 3.0837 16.187 16.187
5000 3.0837 21.2218 35.477

The values of the table above illustrate the overlapping between the

modes and how the ranges are clearly limited.

So far, all the parameters and variables have been presented that
characterize the three operating modes and the minimum power required per
antenna element so that this new radar system can assure work with extended
range coverage. Now in favor of establishing all the power requirements of
this system, the next step is to calculate the minimum signal and noise power
level expected at the port of each antenna element due to the echoes coming
from the targets. For these calculations, a power transmitted per element of
27 dBm will be assumed.

The noise power level presented at each antenna element is associated
to the thermal noise and depends directly the maximum bandwidth of the
receiver path. Notice that the noise power level to be calculated here by the
use of Eq. (2.8.7) represents the thermal noise that is present at the input of
the system transceiver when reception mode is being used. This noise will be
affected by all the characteristics of the elements placed in the reception path.

N,=k-T, B, (2.8.7)
where k = 1.38 x 10_23£ is the Boltzmann's constant.

T, = 290 K is the standard room temperature.
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B. represents the Noise Bandwidth, which is approximated the
bandwidth of the receiver.

Derived from the Friis transmission equation it is possible to determine

the minimum received power per antenna element [Sko81].

_ Py - A2 (Ngtem - DE)Z 0 Lant * Latm

PTElem - (47_[)3 i R4 (288)

Note that as the value to compute is the received power per the
antenna element, the only losses that are taken into account in Eq. (2.8.8) are
from the antenna system and from the atmosphere due to the electromagnetic
wave propagation. The procedure to calculate the value of minimum received
power level is quite similar to the strategy applied to find the minimum

transmit power.

Table 2.8.4: Minimum received power per antenna element.

Minimum Received Power per Antenna
Element [dBm)]
Range [NM] l;r?z? Mode A Mode B Mode C

1 0.1 -113.6 -113.6

2.625 (1.5x1.75) |1 -120.4 -120.4 -120.4

3 1.4 -121.3 -121.3 -121.3

3 0.5 -125.7 -125.7 -125.7

3.6 1 -125.9 -125.9

3.7 0.5 -129.4 -129.4

8 180 -117.4 -117.4

11 5000 -108.6 -108.6

21 (12x1.75) 5000 -120.2 -120.2

24 5000 -122.6

96 5000 (-149.4)
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From Table 2.8.4 and using Eq. (2.8.7) to determine the noise power
level, in Table 2.8.5 are shown the minimum received signal power level and
the input noise power per antenna element with respect to the different
operating modes.

Table 2.8.5: Minimum received signal and noise power per antenna element.

Mode A | Mode B | Mode C
Min. Received Signal Power [dBm] | -120.4 -129.4 -129.4
Noise Power [dBm] -103.9772 | -106.9875 | -109.9978

As was mentioned before, despite the fact that the minimum received
signal level is produced for an object placed at 96 NM, this values will be
neglected in the course of the analysis due to the earth curvature.
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Chapter 3

System Back-End

The terms "Front-End" and "Back-End" are commonly used to refer to
the initial and the end stages of a radar or any radio receiver. The front-end
is responsible for collecting all the different input signals and to process them
in a way to match with the back-end input specifications. On the other hand,
the system back-end refers to the stage where the amplification, shaping,
modulation and filtering processes that accustom or refine the signal are
implemented, not only for transmission but also for reception.

Concerning the RASKEL project, the radar system has been divided
basically in three main stages: front-end, back-end and signal processing. The
front-end is composed mainly for an RF feeding network, a large number of
T/R modules and a linear array antenna of 109 identical monopoles inserted
into a parallel-plate waveguide (PPW) and a horn shaped section [BPK10a].
The back-end which is the stage under analysis consists essentially of the
transceiver. Therefore, it is constituted by the electronic devices that compose
the transmission and reception path. At last the signal processing is a
software based stage which has the aim to extract the target information from
the echo signals already refined by the back-end [BPK10b].

The radar system back-end in transmission mode should generate the
short duration high power RF pulses that will be radiated into space by the
antenna, taking into consideration the target characteristics and the distance
range where it could be located. In other words the transmitter must be able
to generate the RF signal with sufficient power and the correct shape
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(modulation) to perform detection for all the different operating modes. In
addition, it should have RF stability to meet later the signal processing
requirements, to require minimum maintenance, to be of an affordable price
and to be of a reasonable size and weight for the desired application, even
though no restriction for the back-end dimensions have been established.

In a different manner, the radar system working in reception mode
must amplify, filter, down-convert, and digitize the echo signals in a way that
it will provide the maximum discrimination between the desired echo signals
and undesired interferences [Sko08]. Thus, the receiver must optimize the
signal probability of detection while providing a large operation linear range.
The interference comprises not only the self noise generated in the radar
receiver but also the power received from galactic sources, neighboring radars
and communication equipment, and jammers.

As it was mentioned earlier, this new system has been specified as a
coherent radar; therefore the transmitted pulses must have defined phase
angles to a reference. Whether a radar set is coherent or non-coherent always
depends on the transmitter. Therefore the transmitter system that is
developed in this project is of the PAT (Power-Amplifier-Transmitter) type
[Wol97]. In this instance, the high-power amplifier is driven by a highly stable
continuous RF waveform generator. Modulating the output corresponding to
the PRF does not affect the phase of the RF source. The phase coherence is
maintained even if the PRF and RF source are not locked together (RF
source is phase stable).

3.1 Transceiver Design and Block Diagram

In Figure 3.1.1 the transceiver's block diagram based on all the
considerations presented above has been drawn. The upper part represents
the transmission path and the lower the reception path.

With the purpose of designing a coherent transmitter and assuming
that the RF waveform generator is phase stable, the transmission path has
been deliberately constituted by a modulation, a pulse shaping and an
amplification block. The modulation block has the task of producing a simple
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BPSK modulation, generating at the output a signal with alternations of 180°
in concordance with a specified sequence. This modulation will be used in mid
or far range mode. If the close range mode is selected, the BPSK modulator
block has to let pass through the original signal without any phase changes.
The pulse shaping block is called "shaping" because it controls the duration of
the long pulses. It is responsible for turning on and off the RF source (already
modulated). The amplification block, is the last block of the system back-end
and its purpose is to supply the T/R modules and the antenna elements
(System Front-End) with the correct power level, so the transmission can be
carry out successfully. As all real antenna front-ends, the T/R modules have
specific limitations for the signal level that they can manage at their input in
order to work in linearity and to be protected of damages. Likewise these
specifications will determine the power gain that is necessary in the
transmission path.
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Figure 3.1.1: Back-end block diagram.

Regarding the receiver, it is important first of all to amplify the
received echo signals. Since the detection range of the radar system must
cover distances up to 96 NM, the expected incoming signal level may be very
low. In order to achieve the amplification, it was implemented a low noise
amplification block, which is placed right after the system front-end to
compensate for losses in the feed line. As the noise power level is an
important factor to take into consideration when it concerns the receiver
design, the high gain and the position where the low noise amplifier block has
been placed were selected to diminish the effect of the noise on subsequent
stages of the reception path.
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The band-pass filter is the next block of the reception path. Its purpose
is to isolate the information signal, cancelling off all the other frequency
components at higher and lower frequencies that could add strong
interferences. This filter, due to the fact that the 1&(Q demodulator is an
active component, will also cancel other frequencies components that can be
generated at its output. The next stage consists of the 1&(Q demodulator. This
block applies a smart approach for separating the real and imaginary part of
the received complex signal without losing essential information. As a local
oscillator signal is needed for the 1&(Q) demodulator it has been chosen the
signal generated in the transmitter by the RF source, so it would be possible
to obtain at the outputs the baseband in-phase and quadrature components of
the received echo signals. Following that, it has been placed a low-pass filter
block to remove all the high frequency components that could cause
interference and to prevent aliasing during the sampling that will be executed
by the last stage of the receiver path.

Finally the block that completes the reception path, and consequently
the system back-end, is the analog-to-digital converter. This block is in charge
of the digitization of the in-phase and quadrature components of all the
received echoes, which will be transmitted to the radar signal processing stage
where they will be analyzed. The ADC limits the linear dynamic range of the
whole receiver. This block is particularly critical in the reception path due to
the fact that it forces some specific power characteristics that the incoming
signal must satisfy in order to achieve a correct signal processing. These
requirements, together with the conditions of noise figure and signal-to-noise
ratio at the input of the signal processing stage limit the behavior of the
receiver, allowing to estimate the gain that is necessary to supply along the
reception path.

3.2 Low Cost Transmitter/Receiver Innovation

The RASKEL project has as an aim to study the feasibility of
construction of a new radar system that tries to introduce many different
innovations to the conventional ship-born navigation and coast surveillance

systems that have been operated until the present day. The feasibility of the
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whole system depends on the antenna front-end. Although the most critical
and innovative components concern the system front-end design and
construction, some refinements have been contemplated for the system back-
end as well.

The system back-end is an RF unit whose innovation consists basically
in the employment of low cost commercial components off the shelf (COTS)
in its construction. COTS components are commonly used for wireless
communication system and wireless LAN. These components have been
successfully used to replace the traditional (custom) system for radar, sonar,
telecommunications and missile guidance applications, and others.
Commercial off the shelf (COTS) is a term used as evidence of the technology
which is ready-made and available for sale, lease or license for the general
public. The use of COTS components has been recommended by several
governments and business programs due to the fact that their implementation

may offer significant savings in procurement, development and maintenance.

As said before, the incentives for using COTS components include
mainly the hope for a considerable reduction of the overall system
development time, costs and long-term maintenance. However, their usage
results in some disadvantages that affect the system, especially in the design
process. The COTS components are produced in large quantities, and have
been designed for a general purpose that may not be suitable for all
applications, in this case design and construction of special component is
necessary with a highly deterministic performance.

Nevertheless, the use of COTS components has great potential in the
area of network systems [[A99] and also for the construction of this particular
system back-end due to the simplicity of the tasks for which they are needed.
The system back-end's high dependability on COTS hardware makes its
design cost-effective, collaborating in this way to satisfy the low-cost premise
established in the RASKEL project.
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Chapter 4

Power Level Plan

The power level plan is undoubtedly an indispensable tool for the
design and analysis of hardware-based systems. The term power level plan
(PLP) refers to the power analysis performed on a specific signal path where
the signal and noise power level existing at its input will be modified by the
characteristics of the different elements that are placed throughout this path.
This evaluation considers several characteristics of the elements that belong
to the signal path e.g.: gain, noise figure, input and output power requirement
and linearity range. In this section, together with an estimation of the total
gain required along the transmission and reception path, it will be executed
the evaluation of the signal and noise power level ratio at all the different
points of these signal paths.

4.1 Estimation of Receiver Gain and Linear Dynamic

Range

As mentioned in the section 3.1, the ADC is the most important
element of the reception path as the linear dynamic range depends strictly on
this element. At the output of this device the digitized in-phase and in-
quadrature components of the echo signals must be available, which are
required to have a SNR at least equal to 14.3 dB. The A/D converter makes
the transformation between the continuous signal and the digital domain. As
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the receive path is based on the continuous signal domain it is necessary to
refer the signal requirements at the input of the ADC instead of its output.
The relations of the signal and noise power level at the input of the ADC are
illustrated in the Figure 4.1.1. From this it is possible, in the case of
reception, to attribute to the system an overall gain, a maximum total noise
figure and the linear dynamic range of the A/D converter input [Ber07a.

The selected model of the A/D converter that has been chosen for the
prototype construction will be formally introduced in the Chapter 5. However
for the calculations presented in this section it is just necessary to consider
the following features of the ADC board.

U Resolution (NBapc): 14 bits.

Effective Number of Bits (ENOB): 11 bits.
Input Impedance (Zin): 50 .

Input Voltage Range: from -1 to +1 V.

O o o d

Number of channels (Ncn): 2.

All these values have been selected based on a similar analysis shown
in [Ber07a).

oy

N Linear
Analog-to-Digital il ity i i .
Converter Input (5 Dynamic
\ N)AD out Range
) ‘Nmax )
‘ Noisy LSBs Signal
\ Processing
N B IS N )
Quant Gain
SAD.m:n

Figure 4.1.1: Signal and noise power level at the A/D converter input [Ber07a].
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The starting point of the characterization consists in finding the
maximum input signal power level that the ADC board can handle while it is
still working in the linear range. This value corresponds to the average signal
power level. The echoes received by the system front-end are RF signals and
have been, so far, referred to theirs average signal and noise power levels. For
this reason the power and noise requirements of the ADC have been also

referred to the average power level instead of the peak power level.

SAD,max = 2.7 (4.1.1)
in

where Zin is the input impedance and U is the maximum input voltage.

The following estimation is the signal-to-quantization-noise ratio
(SNRq). As a full scale sine wave is the wave form of the input signal, the
quantization level approximates a saw tooth wave with peak amplitude of one
quantization level and uniform distribution. Using Eq. (4.1.2) it is possible to
estimate the SNRq in dB.

S
(—) [dB] = ENOB - 6dB + 1.8dB (4.1.2)
N Quant

It is important to remark that the approximation for the signal-to-
quantization-noise ratio is conventionally established with the resolution of
the analog-to-digital converter instead of just the ENOB as shown in Eq.
(4.1.2). However for these calculations the ENOB have been used in order to
work with the effective number of bits which contain useful information and
have not been affected by the noise floor of the A/D converter.

Having the two previous values it is accessible to find the quantization

noise power:

SAD,max

NQuant = (S (413)

N)Quant

The maximum expected signal noise power at the A/D converter input
should be about two bits higher than the quantization noise so that the
subsequent coherent signal processing techniques (applied after the ADC) will

work effectively.
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Npax[dB] = NQuant[dB] +2-6dB (4.1.4)

Finally it is possible to determine the minimum signal power level at
the A/D converter input. This value is different for each of the operating

modes as it depends directly on the used number of pulses and sub-pulses.

v)
_ (v apout " (4.1.5)
AD,min — .
Np - Nsp
where (%) is the signal-to-noise ratio after the coherent signal processing
AD,out

(at the ADC output).

Knowing the minimum ADC input signal power level and the
minimum received power per antenna element listed in Table 2.8.5, it is
permitted to estimate the necessary signal gain that must be supplied to the
back-end receive path.

SAD min)
' (4.1.6)

GRx,signal = (
PTElem
The feeding network used for the array antenna consists in a passive
structure which sums coherently the signals received by all the antenna
elements, while the noise power level received per antenna element is summed
incoherently. This structure provides in this way a better SNR due to the
amplified signal power level. As a result the signal gain and the noise gain are
not equivalent, being the noise gain lower by a factor Neiem.
GRx,signal
GRx,noise = N (4.1.7)
Elem
It is important to verify if the level of noise at the ADC input satisfies
the 2 bits condition established at the beginning of the ADC characterization.
The following expression estimates the ADC input noise from the thermal
noise received at the antenna front-end. Notice that as Eq. (4.1.8) calculates a

noise power level, it uses the noise gain instead of the signal gain.

k - To-B.-F- GRx,noise
Lfeed

' —_
Nmax_

(4.1.8)
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where Lfeea represents the losses due to the feeding network.

The feeding network losses and the receiver noise figure were
considered separately by the previous formula as they have also been
considered in this way during the radar equation demonstration shown in
section 2.2. In addition, not considering the feeding network losses due to the
tapering used in reception inside the total losses made simpler the procedure
to find the received signal power level per antenna element.

It is necessary to check with Eq. (4.1.9) if at least the required value of
signal-to-noise ratio at the ADC output has been reached with the previous

estimated receiver gain Grx.

Sy, Sap mi
(ﬁ) ADout = (N’mrr::> *Np - Ngp (4.1.9)

In order to finish the ADC characterization, it is necessary to calculate
the minimum memory needed for the ADC for accumulating all the samples
obtain during the scan in one direction.

R
Memoryy girection = ﬁ ) Np *Ney " NBype (4'1'10)
where Ncy is the number of channels used by the ADC and NBapc is the
ADC resolution.

As the radar system is composed by 4 system modules as shown in
Figure 2.6.2, and each one of them has an angle-range of 90°, the minimum
memory needed for one of the modules used in this radar system can be
calculated multiplying the previous value by a factor equal to 90 divided by
the angular step size.

90°
Memoryiotar scan = MemMoryy girection * E (4-1-11)

The results of all the previous calculation steps are shown in Table
4.1.1.

Having in mind the variables above, it is simple to estimate the linear
dynamic range of the ADC, which consists basically in the relation between

the maximum and the minimum A /D converter input power.
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S
LDR = ( AD'"“”‘) (4.1.12)

SAD,min

Table 4.1.1: Analog-to-digital converter characterization.

Operating Mode
) Close Middle Far .
Variable Units
Range Range Range
ADC Maxi Input Signal
aximum Input Signa 10 dBm
Power Sap,max
SNRq (2
q (N)Quant 67.8 dB
Quantlzatll\c])n Noise Power _57.8 dBm
Quant
ADC Maxi Input Noi
aximum Input Noise -45.80 dBm
Power Nmax
ADC Mini Input Signal
inimum Input Signa _51.83 58.31 -55.30 dBm
Power Sap,min
Reception Path Signal Gain 68.57 71.09 74.10 dB
GRx,signal
Reception Path Noise Gain 48.19 50.71 53.72 dB
GRx,noise
ADC Input’ Noise Power _45.89 _46.37 -46.37 dBm
N max
ADC output SNR () /450 | 14.39 14.87 1487 | dB
Linear Dynamic Range 61.83 68.31 65.30 dB
Mini M ded
i Atemory needed per |-y g 0.55 0.25 | Mbits
Direction
Mini M ded
inimum Memory needed per 103.69 49.56 29 62 Mbits
Angle Range

The feeding network as well as the ADC, are some of the critical parts

of the system, especially when it concerns the analysis of the signal and noise

46




power levels. A power divider is commonly employed as feed network, as it
delivers the same RF power to all T/R Modules, these have to cover a wide
amplitude tuning range for proper illuminating tapered arrays. Tapering is
mandatory in any highly selective radar system [Erk09]. A phased array can
achieve high side-lobe suppression levels by varying the magnitude of the
weights connected to each one of the antenna elements. Usually, the antenna
element placed in the center of the array can transmit and receive with all the
power while an attenuation is applied to the surrounding elements. Tapering
the receiver illumination is essential for compliance with the specified antenna
diagram.

For this particular system the project partners proposed a new feeding
network which is compact and "lossless" [BerO7c|. This feeding network will
contribute to achieve the selected receive antenna tapering ®m that consists in
a Taylor distribution with a peak-sidelobe level of 32 dB and the first four
sidelobes with the same amplitude levels, decaying rapidly in amplitude
afterwards [Erk09]. As the feeding network is a lossless passive structure, it
has been designed so it can always provide a square root Taylor distribution.
In reception mode, the tapering of the array is made by the T/R-modules,
which have to convert their signals also to a square root Taylor distribution,
so in combination with the feeding network it will be possible to generate the
desired Taylor receiving antenna pattern. A schematic representation of the
feeding network used in the receiver is illustrated in Figure 4.1.2.

In Figure 4.1.2 the T/R modules are represented by the active element
with gain Gamp " Am. The parameters Am represent the attenuation that must
be software-selected in the T/R-modules with a square root Taylor
distribution. On the other hand, the parameters Bm correspond to the fixed
attenuations present in the feeding network with the same distribution as the
coefficients Am. The desired tapering is created by the product of the power
scaling parameters 4m and Bm. The parameters 4m have been normalized so
the center element of the array has an attenuation of 0 dB. However, as the
feeding is based on the use of a power splitter which involves and attenuation
of 1/ NElem, to satisfy the previous statement of a lossless passive structure,
the power conservation principle (the power level at its input must
correspond to the power level at its output) has to be considered. Therefore,
the parameters Bm are normalized considering a scaling factor f that
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compensates this extra attenuation. The f factor is defined in the following

way:

NElem

Z B r o1 (4.1.13)

NElem

Being the definitive Bm coefficients given by the Eq. (4.1.14)
B, =f-B (4.1.14)

where: Bm coefficients correspond to a square root Taylor distribution with an

arbitrary scaling.

NEiem is the number of elements of the array.

T/R-Modules Feeding Network

AL AL
' 1S N

Gfeed' Ffeed

Sin
Sin 5 Gamp “Ap - By

— NElem
N.E'Iem
gt

&)
N feed,out

>

GAMP M7 FM

/

By

d J

(’Emnch' I'Brrrnch

Figure 4.1.2: Schematic representation of the feeding network in reception mode.

As the feeding network is a passive structure, losses will be involved.
An attenuation of 3 dB per branch included in the Bm coefficients has been
considered for the matters of this design. The total losses due to the tapering

can be calculated as follows:
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NElem 2 / . 2
Lfeea = (Zm=1 Am Bm) (4.1.15)
2
NElem
These losses correspond to the estimated 5.1 dB of losses due to the

feeding network that were considered in Table 2.7.3. The shape of the Taylor
distributed tapering used in reception mode is shown by Figure 4.1.3.

Keeping in mind Figure 4.1.2 and considering one individual antenna
element (one branch of the network), the gain and noise figure of the feeding
network can be defined. These quantities are important for setting up the
complete power level plan of the reception path. However, determining gain
and noise figure of the feeding network in case of aperture tapering is not
straight forward.

Arnplitude [dB]

10 20 30 40 &0 B0 70 8O0 S0 10
Elerent Index

Figure 4.1.3: Tapering distribution used in reception mode.

At the feeding network's common port, the received radar signals add
up coherently [GDS04]. From the coherent summation of all the signal power
received by the elements of the array the gain related to the feeding network
can be found as shown in Eq. (4.1.16).

NElem
1

Greea = 377" Gamp Z N (4.1.16)
E m=1

lem
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Differently the gain seen by only one of the feeding network branches
will be bigger by a factor Neiem as the received power by one antenna element
is being massively increased when it is referred to the output of the feeding
network where the signals coming from all the different branches have been
coherently summed.

Ggranch = Ngtem - Gfeed (4.1.17)

On the other hand the noise contributions from the different antenna
elements are uncorrelated, thus are incoherently summed [GDS04].
Considering the 2-Port network with a specific gain G and noise figure F as
shown in Figure 4.1.4 the signal and noise power at the output can be
calculated using Eq. (4.1.18) and Eq. (4.1.19), respectively.

S, =G-S; (4.1.18)
N, =G-[Ny+ N, (F—1)] (4.1.19)

where: S1 and 52 are the signal power levels at the input and output of the 2-
port network, respectively.

N; and N are the noise power levels at the input and output of the 2-
port network, respectively.

Port 1 Port 2

—»0—— G,F o)

S, N S, N

17 2772

Figure 4.1.4: Schematic representation of a 2-port network.

Now, recalling Eq. (2.3.2), it can be rewritten as:

()
(%)

F =

(4.1.20)
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which is valid if and only if N1 = Ny, where No represents the thermal noise.
In case of N1 # Ny, the correct expression is given by Eq. (4.1.21).

Si
F= (1;]21) M (4.1.21)

(NZ) No

Combining Eq. (4.1.20) and (4.1.19), it is easy to calculate the noise
power level at the output of the feeding network.

N NElem NElem

Nreeaour =3~ |Gamp * E Am B Fn | + Ngjom — E Bn|  (4.1.22)
Elem - —
m=1 m=1

Regarding the calculations of the noise figure (Freea and Fprancn), these
values were found using again Eq. (4.1.20). However, it is important to
remark that after the measurement of the T/R-modules the noise figure has
been approximated obtaining as a result the noise figure distribution
illustrated in Figure 4.1.5. Observe how the noise figure value of each T/R-
module depends strongly of its particular gain (Gamp * Am).

Moise Figure Distribution
12 T T T T T T T T T T

Moige Figure [dB]

R N T A I N T S
0 20 30 40 =0 B0 700 80 80 100
Elerent Index

Figure 4.1.5: T/R-modules' noise figure distribution.

4.2 COTS Based Receiver

Until this point the system Back-end has been designed and projected
on a theoretical basis. To check whether the system design using
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commercially available components (COTS) is practically possible or not, an
exemplary power level plan must been done first, using as reference actual
commercial devices that may be bought later to build the prototype if they
satisfy the system requirements. The power level plan shown in this section
consists, in fact, in the definitive PLP of this system's back-end. This mean
that the component features exhibited along this section symbolize the final
devices that were selected, bought or designed especially for the assembly.

However these components will be formally introduced in Chapter 5.

The COTS selected are often used in the field of mobile telephone or
wireless LAN. The reason of their selection is that these components must
assist the system back-end to achieve by coherent signal processing (A/D
converter) a signal-to-noise ratio of at least 14.3 dB. As the system operates
in three different modes the minimum signal power level at the ADC input, in
all the cases, may exceed the absolute minimum value calculated in the
previous section. However this excess must not be too large, otherwise the
linear dynamic range would be also reduced.

Transmitter
Tx

— Digital Limiter T/R Front-

—
Low Pass
|—|> Filter
Band Pass 1&Q A/D
Filter Demod. Converter
I_D Low Pass
. Filter

Figure 4.2.1: COTS Based Receiver Block Diagram.

Considering that an extensive search for suitable electronic devices
preceded the selection of the components, the block diagram shown in
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Chapter 3 had to be improved in order to consider a more realistic model of
the system. Notice that along the reception path were included three limiters
that were placed right before each LNA. This has been done with the
intention of protecting the low mnoise amplifiers from exceeding their
maximum input power under any circumstances, so these devices and the

receiver in general will not suffer any damage.

As the use of commercial COTS low noise amplifier allows to reach
just certain gains, an digital attenuator was included in the reception path in
order to provide for each operating mode the closest upper value of signal
gain respected to the estimated values shown in Table 4.1.1. This has been
done also to optimize the linear dynamic range of the system. The position of
this particular component was also decisive as it is necessary to assure the
linear behavior of all the components along the reception path within the
linear dynamic range of the ADC. Therefore, in order to avoid that the
second and third LNAs go in saturation before the ADC, limiting in this way
the linear dynamic range of the whole receiver, the digital attenuator had to
be placed after the first LNA instead of later on the reception path. The high
noise figure given by the digital attenuator does not really affect the receiver
noise figure due to the high gain given by the first LNA and the feeding
network where all signal contributions from the antenna elements have been
coherently summed up.

In Table 2.8.1 are shown the signal bandwidths for the three operating
modes used in this system. It is natural to assume that a specific low pass
filtering must be done depending of the mode in which the radar system is
working. However, due to the fact that the signal processing stage of this
radar system will apply a digital low pass filtering with a specific bandwidth
for each operating mode, the low filter placed in the reception path has been
selected so it can filter all the different echo signals regardless of the operating
mode. Due to this fact, its bandwidth corresponds to the bandwidth of the
signal used by the close range mode.

On the other hand the sampling rate of the ADC should also change
depending on the operating mode in use. However a down sampling will be
applied after the coherent signal processing as well, so the sampling rate of
the ADC is fixed and remains invariable.
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As the stage composed by the 1&Q demodulator is characterized by
the output voltage range and the ADC has a limited input voltage range, the
used low pass filter has been designed in order to match both ranges. The
formal presentation of the active differential input/single-ended output low
pass filter designed for this system will be done in Chapter 5. Considering
that this filter will allow all the voltage values given at the 1&Q demodulator
output to be perfectly filtered and received at the ADC input within its
voltage range, it is necessary, in order to assure the reception process without
bringing the ADC to saturation, that the maximum signal power level at the
ADC input matches the maximum signal power level at the 1&Q input port.
As a result, for the matter of the power level plan will be assumed that the
[&Q demodulator and the low pass filter behave linearly and they both have
a gain of 0dB. Regarding the noise figure of these stages, it is obvious that no
matter how high are their magnitudes, as these components are placed at the
end of the receiver chain, their noise contribution will be negligible due to the
high signal gain supplied by the earlier stages.

In Table 4.2.1 are listed the measured values of gain and noise figure
respective to the receiver COTS. The gain and the noise figure of the feeding
network were calculated on basis of the considerations presented in section 4.1
and [VDS04].

Considering the cascaded system shown in Figure 4.2.2 where each
component has its specific gain Gu and noise figure F., the total noise figure
of the whole system in given by:

F,—1 F;—-1 F,—-1
+ + + .-
G, G1°G, Gy-Gy-Gsg

F=F + (4.2.1)

F,—*—G

ool F.—— G

Lol F.—*— G

I
3’7" 3 F

4’ " 4

Figure 4.2.2: Schematic of a cascade system.
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Table 4.2.1: Measured characteristics of the receiver path stages.

Gain [dB] Noise Figure [dB]
Stage | Component | Mode | Mode | Mode | Mode | Mode | Mode
A B C A B C
1 Antenna * 0 0
2 Transition * -0.5 0.5
3 IAS- HL-
Feeding 39.329 -11.0496
Network *
4 T/R Switch -1.5 1.5
Power Limiter
. -0.38 0.394
n°l
LNA n°1 17.79 3.085
7 Digital
-18.34 | -15.72 | -12.75 | 18.364 | 15.8105 | 12.768
Attenuator
8 Power Limiter
. -0.38 0.391
n°2
9 LNA n°2 17.79 3.075
10 Power Limiter
-0.41 0.418
n°3
11 LNA n°3 17.71 3.127
12 Band-Pass
) -2.347 2.343
Filter
13 1&
Q 0 14
Demodulator
14 Active
Differential
0 10
Low-Pass
Filter
Total 68.758 | 71.448 | 74.353

* System front-end components whose values were given by [Ber07a] and not measured.
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In spite of the fact that the receiver is a cascade system, Eq. (4.2.1)
cannot be used to calculate the noise figure of the entire receiver as it is
necessary to consider the losses due to the feeding network and the effects of
the coherent signal processing. For this system it is necessary to use Eq.
(4.2.2) to calculate the receiver noise figure (from the array antenna aperture
until the ADC output) for each operating mode. Here the SNR at the ADC
output is expressed as the SNR before the signal processing divided by the
number of pulses and sub-pulses due to the pulse integration and pulse
compression techniques used in this radar system, while the SNR at the array
antenna port is shown as the SNR of a single antenna element multiplied by
the number of elements. The results of the signal-to-noise ratio, linear
dynamic range and the total receiver noise figure for each operating mode are
presented in Table 4.2.2.

S
)

W
S
(N)ADC,out

F= ) NP ) NSp ) NElem ’ Lfeed (4.2.2)

Table 4.2.2: SNR after coherent signal processing, receiver linear dynamic range and receiver

noise figure for all the operating modes.

Operating Mode | SNRabpc.ou: [dB] | LDR [dB] | Receiver's NF [dB]
Close Range 14.422 61.642 4.819
Mid Range 14.922 68.018 4.807
Far Range 14.929 65.047 4.800
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Figure 4.2.3: Signal and noise power level for the three operating modes.

In Figure 4.2.3 the results of the power level plan for the reception
path have been illustrated. It shows the curves of the signal and noise power
level along the receive path for the three operating modes. The level at stage
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one corresponds to the output of the antenna element whose value of signal
and noise power level was fixed in concordance with Table 2.8.5, so the value
of signal power expected represents the worst case. It can be observed that
the poor signal-to-noise ratio changes at the stage 3 (feeding network), where
it is shifted to a value that remains constant for the rest of the reception
path. This value is related to the subsequent coherent signal processing (A /D
converter) where the SNR desired will be achieved due to the pulse
integration and pulse compression techniques.

As was mentioned before, the programmable attenuator was used to fix
the minimum signal power level at the ADC input to the minimum value
possible, so the ADC will make profit of the use of its entire linear dynamic
range.

In Figure 4.2.4 is shown the minimum signal-to-noise ratio at each
individual level with respect to the required SNR after coherent signal
processing. It is clearly presented by this figure that the required value of
signal to noise ratio is achieved just after the coherent superposition of the
feeding network. As is shown by this figure and Table 4.2.2 all the
requirements of SNR and noise figure established in Chapter 2 have been
satisfied.

2 T T T ! ! T
| e S — P —— 'i' _______ 'i ________ "
T N Mode A
: Maode B
12 i i | i [ B Mode C
2 4 B &} 10 12 14
Stage Index

Figure 4.2.4: Minimum signal-to-noise ratio at each individual level with respect to the
required SNR after the coherent signal processing.
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Finally, in order to confirm that the system can be build based on
these components, has to be considered one more detail. The saturation of the
individual components has to be verified, as the receiver's entire dynamic
range could be limited by them. This analysis has also the aim to examine

each component's power limitations, so none of them suffers any damage.

The next figure shows the different linear dynamic ranges of all the
components that constitute the receiver specifying the operating mode. All
the dynamic ranges have been determined by the respective mode's minimum
input power level (worst case) and the maximum input power of each stage.
For those components that present a linear operation range, the input 1 dB
compression point has been considered instead of the simple maximum input
power that they can handle. The goal of this analysis is to verify if all the
selected components placed along the reception path operate in linearity at
least while the ADC works in its linear dynamic range. The stages one to
three were put together as all these components belong to the system front-

end.
Linear Dynamic Range
= Stage Component
140
1 Antenna
v Transition
120
3 IAS-HL-
Feeding Network
100
4 T/R Switch
E 80 5 Power Limitern®l
] 6 LNAn°1
= -#-Close Range Mode
= i > = 7 Digital Attenuator
& 60 Mid Range Mode o
= —FarRange Mode g Power Limitern®2
9 LNAn®2
40 L
10 Power Limitern®3
20 | 11 ILNAn®3
12 Band-Pass Filter
0 13 1&Q Demodulator
13 4 5 6 7 8 9 100 11 12 13 14 15 14 Active Differential
Low-PassFilter
Stage Index

Figure 4.2.5: Linear dynamic range of the receiver components.

The linear dynamic range of the receiver is given by the component
with the smallest linear dynamic range. Notice in Figures 4.2.5 how the linear
dynamic ranges of all the components are bigger than the one of the analog-

to-digital converter. Therefore the hypothesis previously made, where was
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taken for granted that the ADC board was the component that limited the
linear dynamic range of the whole receiver was true. Observe also how the
fact of placing the digital attenuator after the first LNA to decrease the signal
power level at the input of the second and third LNAs increased their linear
dynamic range avoiding them to be smaller than the one of the ADC. Not
placing the digital attenuator in this position will saturate the second and
third LNA with an input signal power level lower than the one needed to
saturate the ADC, reducing consequently the linear dynamic range of the

whole receiver.

Knowing the linear dynamic range of each one of the components of
the receiver, it is possible to establish the maximum input signal power level
of the whole receiver. This parameter indicates the maximum input signal
power level per antenna element that allows us to assure that the receiver is
still working in linearity. In other words, any other input power level per
antenna element higher than this value will saturate at least one of the
components of the receiver. The detection process, under these conditions,
will not be linear anymore. This value is determined, in this particular case,
for the maximum input power level of the last stage of the receiver path
(ADC) and its total gain.

Table 4.2.3: Receiver's maximum input signal power level.

Operating Mode | Maximum Input Signal Power Level [dBml]
Close Range -58.76
Mid Range -61.38
Far Range -64.35

4.3 Estimation of Transmitter Gain and Linear Dynamic

Range

For the power level plan of the transmitter just the signal power level
analysis of the system will be executed. As the noise power generated at the
transmitter does not affect the noise floor received by the antenna in

60



reception mode, it is not necessary to fix the noise level to a certain level.
However the transmitter must be able to generate a very stable signal, where
the different pulses and sub-pulses present a much defined shape with the
enough RF power.

As well as with the receiver case the feeding network is a critical part
of the system design. In transmission it is important to generate the signal
with sufficient, but not too high power that feeds at each T/R Module and
with stable and reproducible phase. Which phase exactly is presented at the
T /R module is not relevant, as the phase will be corrected by them.

No aperture tapering or unity illumination is used in transmission
mode. Recalling that the feeding network has been designed to have a square
root Taylor distribution, no tapering is realizable if all the T/R-modules
operate with saturated output power. If the amplifiers contained in the T/R-
modules are saturated, the output power of all the antenna elements will be
the same and equal to Ssat.. Therefore, the power distribution given by the
feeding network will not be effective anymore. An equivalent schematic of the
feeding network working in transmission mode in shown in Figure 4.3.1.

In order to estimate the gain needed in the transmission path it is
necessary first of all to know the input power that has to be given to the
feeding network, so regardless of the unavoidable square root Taylor
distribution it is possible to saturate all the T /R-modules. In order to deliver
a saturated output power from all the T/R-modules and at the same time
without damaging them, each one of these modules must be fed with a signal
power level between -5 and -15 dBm.

In Figure 4.3.2 the tapering applied in transmission including 3 dB of
estimated losses has been illustrated, showing all the specific attenuations per
antenna element. Observe that the dynamic range of the square root Taylor
distribution is about 6.8 dB. Considering now the tapering used and the
power requirements of the T/R modules, it is very straightforward to
establish a power condition at the system back-end output in order to satisfy
the power demands of all the modules. In this case it was determined that the
signal power level at the system front-end input must be between 13.13 dBm
and 16.33 dBm for a successful transmission.
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Figure 4.3.1: Schematic representation of the feeding network in transmission mode.
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Figure 4.3.2: Taylor tapering applied in transmission mode.

Figure 4.3.3 shows not only the Taylor distribution taper used in
reception mode but the square root Taylor distribution present in the feeding

network (either transmission or reception mode) as well.
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Figure 4.3.3: Confrontation between Taylor and square root Taylor distributions.

As mentioned in Chapter 3 the signal generated by the RF source is
going to be used also as the local oscillator input signal needed for the 1&Q
demodulator in the receiver to achieve the base-band demodulation. In order
to have the same signal available for two different inputs a power splitter is
required. This component will be placed right after the RF signal generator as
shown in Figure 4.4.1. The input LO of the 1&(Q demodulator, as for every
real component, has power restrictions. In this case the 1&Q demodulator
allows the use of a input LO signal with power level between -6 and +6 dBm.

These restrictions together with the previously found needed power
level at the system front-end input, will determine the valid linear dynamic
range of the transmitter. The linear dynamic range is the range of signal
power levels that can be generated by the RF source that allow the
transmitter to work in linearity and at the same time satisfy the power
requirements of the system front-end. The procedure to calculate the valid
linear dynamic range took into account all the maximum input powers of the
components belonging to the transmission path, so none of them will suffer
any damage.
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Table 4.3.1: Estimation of transmitter gain and valid linear dynamic range.

Estimated Parameter Value
RF Power [dBm] -2.68...1.98
Valid Linear dynamic Range [dB] | 4.67
Transmitter Gain [dB]* 8.14 ... 16.33

* Assuming that the RF source generates a signal power level equal to 0 dB.

4.4 COTS Based Transmitter

The characteristic of the components shown in this section, as well as
those in the section 4.2 corresponds to the actual components that were
bought or constructed for the system back-end demonstrator.

Figure 4.4.1 illustrates the final transmitter block diagram adapted to
the selected COTS for its construction. Notice that this design has been built
based on the assumption that the RF source generates a stable signal with
power level in accordance with Table 4.3.1. Actually for the construction of
this system back-end prototype the RF source has been set to work at 0 dBm.

E BPSK E: Pulse
i Sequences : & Duration :
Switch Shape Sw.
Power -180° 0° T/R- Front-
° °
0 | i) v
[-6..+6] dBm -180° 50Q

: H Load :

= Receiver E i Receiver :

: Rx H : Rx :
s

Figure 4.4.1: COTS-based transmitter block diagram.

In the transmitter an attenuator has been added. It is due in order to
build a linear system as required, to provide the conditions where all
components work in linearity. For this reason the 6 dB attenuator has been
included. This component protects the following amplifier not to be saturated
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before reaching the necessary signal power level that is required to be
delivered to the system front-end.

It is important to remark that the lengths of the cables used to connect
the 180° hybrid outputs with the modulation switch inputs are a variable that
must be considered as a significant different between these cable lengths will
produce a phase different that does not correspond to 180°.

Table 4.4.1 lists the gain characteristics of all the selected components
that have been placed in the transmission path. It is important to remark
that as has been considered in the receiver case, to assure that the system can
be built based on these components the saturation of the individual
components has to be taken into account. This consideration allows to predict
if any of the components placed in the transmission path could suffer any
damage due to power limitations.

Figure 4.4.2 exhibits the results of the power level plan for the
transmission path. It shows the curve of signal power level along the
transmission path, which is the same for the three operating modes. The level
at stage 1 corresponds to the output of the RF signal generator whose signal
power, as mentioned above, has been selected equal to 0 dBm. The stage 9
(indicated with a red point) represents the output of the T/R switch in
transmission mode, or in other words the system front-end input. In red has
been also highlighted the range of signal power levels at the T/R switch
output that allow to saturate all the T/R-modules regardless of the
attenuation that the feeding network will provoke to the signal. Stage 10
(indicated with a green point) represents the power delivered to the T/R
Modules (in the graphic is shown just the value of the center element of the
array) due to the tapering. In the same way has been indicated in green lines
the input signal power level range of the T/R-modules. The input power of all
the T/R-modules must be contained between these limits for the well
functioning of the modules and to produce no aperture tapering. If the power
condition for the stage 9 (shown in red) is satisfied, the power condition of all
the T/R modules will be as well.
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Fower [dBm]

Table 4.4.1: Measured gain of the transmission path stages.

Stage Component Gain [dB]
1 RF Source -

2 Power splitter -3.32
3 Power Amplifier n°1 | 15.54
4 Hybrid -180° -3.29
5 Modulation Switch -1.15
6 Pulse Shaping Switch | -1.45
7 Attenuator -6.12
8 Power Amplifier n°2 | 15.61
9 T/R Switch -1.5
Total 14.32

Figure 4.4.2: Signal power level along the transmission path.

66

10



Chapter 5

Component Selection for the Transceiver

Assembly

In this section all the components used to build the transceiver
prototype are presented, exposing their main features and advantages. More
information about these devices is provided in annex-A. This annex contains
all the datasheets of the used components.

5.1 Main Operational Characteristics

Prior to list all components and their main features, in the following
will be briefly recalled the main characteristics that have been taken into
account for the selection.

U Gain:

The gain is the ratio of output to input power or amplitude, and
is usually measured in decibels. The gain through a component is
constant for a given frequency if this is operating within its linear
region. This parameter is one of the most important to considerer for
the selection process. The sum (in dB) of all the component gains in
the receiver path and the transmitter path must at least be equal to
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the estimated gains (Chapter 4) for the receiver and the transmitter
respectively.

U Noise Figure:

As explained in section 2.3, the noise figure is a measure of the
degradation of the signal-to-noise ratio, caused by components in the
RF signal path, for a specific bandwidth. This parameter is of vital
importance for the receiver design due to the fact that the noise power
level has to be controlled to obtain the desired signal-to-noise ratio at
the receiver.

0 Maximum Input power:
This parameter represents the absolute maximum values of
signal power level that a dispositive or component can handle at its
input without suffering any damage.

0 1 dB Compression or Saturation point:

As the input signal is increased in power, a point is reached
where the power of the signal at the output is not amplified by the
same amount as the weaker signal. The 1 dB compression point has
been reached when the input signal is amplified by an amount 1 dB
less than the linear signal gain. This parameter is characteristic for
many devices as amplifiers, diodes, mixers, etc.

0 Maximum output power:

A rapid decrease in gain will be experienced after the 1 dB
compression point is reached. For this reason it is important to take
into account the maximum power that a component can deliver at its
output if it is working in saturation, especially if it is followed by other
devices.

U Insertion Losses:
They represent the signal power losses due the insertion of a
dispositive in the signal path. This is a measure of attenuation and can
be consider as a decrease of the component gain.

It is important to remark that all the gain and noise figure values
shown in this chapter generally do not exactly agree with the typical values
listed in the respective datasheets of the components. This is due to the fact
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that gain and noise figure measurements were performed for each individual
dispositive in order to have the most realistic value at 3GHz for the PLP

analysis.

5.2 Receiver COTS

5.2.i Low Noise Amplifier (LNA)

The LNAs used to build the receiver are of the surface mount
monolithic amplifier Gali-394 which is manufactured by Mini-Circuits. These
are wideband amplifiers that offer a high dynamic range and are internally
matched to 50€2. The main applications in which this device is typically used
includes communication receiver and transmitter constructions. As this is a
surface mounted device, the evaluation board TB-409-39+ was ordered which
includes DC blocks for all the inputs and output, and makes use of SMA
connectors. The main characteristics of one of the used evaluation board at
3GHz are listed in Table 5.2.i.1.

Table 5.2.i.1: TB-409-39+ electrical specifications.

Parameter Value | Units
Frequency Range DC-7 | GHz
Supply Voltage +12 A%
Max. Operating Current 55 mA
Gain Q3GHz 17.71 | dB
Noise Figure @3GHz 3.13 dB
Max. Input Power 13 dBm
Input 1dB Compression Point | -4.6 dBm
Max. Output Power 13.87 | dBm
Input Return Loss @3GHz -13.71 | dB
Output Return Loss @3GHz |-29.36 | dB
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The Gali-39+ amplifiers have been chosen for this application first of
all due to their high gain and low noise figure. Eq. (4.2.1) demonstrates how
the noise figure of the total system ends up being approximately equal to the
noise figure of the first stage if the gain of this component is high enough to
reduce the effect of the subsequent stages. On the other hand, this amplifier
provides a large dynamic range as its input 1dB compression point is at a
considerably high level with respect to the signal power level expected to

receive.

Figure 5.2.i.1: Photograph of TB-409-39+.

5.2.ii Limiter

The purpose of including a limiter before each LNA, is to protect the
amplifier of exceeding its maximum input power level. For the receiver
construction were selected the broadband limiter RLM-33+ manufactured by
Mini-Circuits. These are surface mounted packaged devices that protect
against electrostatic discharge (ESD) and input power higher than 12 dBm
that surges over its frequency range. These limiters have been used to provide
excellent protection of low noise amplifier in communication system
applications. For the construction of the receiver prototype the evaluation
board TB-393 has been ordered.

Figure 5.2.ii.1 shows the behavior at 3GHz of the signal power level at
the TB-393 output with respect to the signal power level at its input. Notice
that the output of the evaluation board never exceeds a level of 9.5 dBm.
Therefore, the LNA will always be protected as the limiter will not allow the
signal power level at the LNA's input to exceed this value, and never exceed
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13 dBm which is the maximum power level that the LNA can handle without
breaking.

Table 5.2.ii.1: TB-393 electrical specifications.

Parameter Value | Units
Frequency Range 30-3000 | MHz
Gain @Q3GHz -0.41 dB
Noise Figure @Q3GHz 0.418 dB
Input 1dB Compression Point | 4 dBm
Max. Input Power 2 W
Max. Output Power 9.49 dBm
Input Return Loss @Q3GHz -21.81 | dB
Output Return Loss @Q3GHz |-22.07 |dB

IRCEL

Figure 5.2.ii.2: Photograph of TB-393.
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5.2.iii Band-Pass Filter

The ceramic band-pass filter BFCN-30104+ manufactured by Mini-
Circuits is one of the few commercial band-pass filters that can be used at
3GHz. It has a good VSWR (1.6:1 typical), small dimensions and good
temperature stability. In order to use it for the back-end, it was necessary to
order the demo board TB-270 which provides SMA connectors matched to
5092.

Table 5.2.iii.1: TB-270 electrical specifications.

Parameter Value | Units
Frequency Range 2.92-3.1 | GHz
Gain @Q3GHz -2.347 | dB
Noise Figure @3GHz 2.343 dB
Max. Input Power 28.24 dBm
Input Return Loss @3GHz |-22.33 |dB
Output Return Loss @3GHz | -17.34 | DB

|5 Parameter] [dB]
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Figure 5.2.iii.2: Scattering parameters plot of
TB-270.

Figure 5.2.iii.1: Photograph of TB-270.

5.2.iv 1&Q Demodulator

During the search for suitable elements the ADL5380 active broadband
[&Q demodulator manufactured by Analog Devices was found. This device
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covers an RF/IF input frequency range from 400 MHz to 6 GHz. The
ADL5380 demodulator offers remarkable dynamic range suitable for the
demanding infrastructure of direct-conversion requirements. The ADL5380
comes with differential RF inputs and baseband output ports which are
capable of driving a maximum of 2 V p-p differential signal into differential
impedance as low as 200().

Table 5.2.iv.1: ADL5380 electrical specifications.

Parameter Value | Units

Frequency Range (RF and LO inputs) | 400-6000 | MHz
Noise Figure 14 dB
Max. RF Input Power 15 dBm
Max. LO Input Power 13 dBm
Supply Voltage 5.5 \%

LO input level -6...+6 dBm
RF Input 1dB Compression Point 10 dBm
RF Input Return Loss @Q3GHz -10 dB
Demodulation Bandwidth 390 MHz

In Table 5.2.iv.1 are shown the electrical specifications of the
ADL5380. Notice that the fact that this device has a relatively high noise
figure does not really affect the total noise figure of the receiver as the 1&Q
demodulator has been placed near the end of the reception path, and its noise
contribution is reduce by the high gain of the LNAs. Notice as well that the
input 1 dB compression point of this demodulator allows a large linear
dynamic range.

For the construction of the receiver prototype, evaluation boards of the
ADL5380 were ordered. There are two versions of the board, optimized for
performance within separate frequency ranges. The internal impedance of the
differential baseband ports of both evaluation cards is 450 2. For operation
below 3 GHz, an FR4 material-based board with the Mini-Circuits TC1-1-13
balun at the RF input is available. On the other hand, for operation between
3 and 6 GHz, a Rogers material-based RO3003 board with the Johanson
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Technology 3600BL14M050 balun (optimal for operation between 3 and 4
GHz) at the RF input is available. Both boards can be used for a single-ended
or differential baseband analysis. The default configuration of the board is for
single-ended baseband analysis. For that configuration the Mini-Circuits
TCM9-1 base band balun is provided at the base band output. This balun
transforms the 45082 differential to 502 single-ended load. However, the
TCMO9-1 is realized with a transformer that does not work down to 0 Hz. As
3GHz is the frequency where both cards are supposed to work both evaluation
boards were ordered.

Table 5.2.iv.2: ADL5380 evaluation boards.

Evaluation Board Frequency Range
ADL5380-30A-EVALZ | 400-3000 MHz (Low Band)
ADL5380-29A-EVALZ | 3-4 GHz (Mid Band)

. .
—

Figure 5.2.iv.1: Photograph of ADL5380-30A-EVALZ.

5.2.v Active Differential Input/Single-ended Output Low
Pass Filter

Due to the limited output voltage range of the ADL5380 and the also
limited input voltage range of the ADC, the idea of placing commercials low
pass filters between the I&(Q demodulator outputs and the ADC inputs
seemed inadequate and poorly optimized. Inserting commercial low pass filters
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besides of adding losses to the reception path, does not allow to control the
voltage level of the signal in order to match these two voltages ranges. The
evaluation boards used for the ADL5380 have included a balun which reduces
the original ADL5380 output voltage range and adds also losses to the path.
This balun is supposed to convert the differential (balanced about ground)
electrical signal at the ADL5380 output to a single-ended (unbalanced)
output signal and to facilitate the connection of lines with 502 impedance.

Based on what was stated above, it was decided to design an active
differential input/single-ended output low pass filter that substitutes the
balun used on the 1&(Q evaluation board and satisfies at the same time the
required low pass filtering. This filter must first of all perform as the balun,
presenting a 4502 load to the ADL5380. Second of all this design must
provide at its output a single-ended signal which represents the already
filtered in-phase or in-quadrature component of the echo signal.

As the down-converting done by the 1&(Q demodulator provides the
components of the echo signals in baseband, the bandwidths of these are
given by half of the bandwidth of the original echo signals bandwidths shown
in Table 2.8.1. Considering that the filtering made by this dispositive has to
be the same regardless the operating mode in which the radar system is
working, it becomes obvious that the -3dB cutoff frequency of the low pass
filter must correspond to 5MHz. The reduced bandwidth of the mid and far
range mode will be realized by oversampling and digital filtering at the signal
processing stage of this radar system.

Table 5.2.v.1: In-Phase and In-Quadrature components bandwidth.

Close . Far
Mid Range
Range Range
Component Echo Signal 5 o5 175
Bandwidth By [MHz] ' '

The basic concept of a low pass filter consists in a dispositive that
allows all the signal components situated at low frequencies to pass through
without any changes, while totally cancelling those components that are
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situated at frequencies higher than the cutoff frequency of the filter. This kind
of filter unfortunately is impossible to build in practice with a limited number
of elements that is why this concept is known as the ideal low pass filter.
Filters of first and second order are practical circuits that approximate in an
acceptable way the desired ideal response of the filter. However, when it is
necessary to filter a signal in a precise way or in order to avoid interferences,
the filter needs to behave as similar to the ideal filter as possible, thus filters
of higher orders than two (2) are needed [Mal00]. Several approximation
functions that are important for filter design have been developed over the
years; nevertheless the most known and simplest ones are the approximations
of Butterworth and of Chebyshev.

The Butterworth approximation is known for generating the filter of
maximum flatness. On the other hand, the Chebyshev approximation
generates filters with a certain ripple or gain variation in the pass band that
can be controlled by the designer. Allowing for this ripple to occur, the
Chebyshev filters provide a higher attenuation of the high frequency
components of the input signal than the Butterworth filters [Mal00].

As the low pass filter needed by this system must filter signals with
different bandwidths, a flat response of the filter at low frequencies seemed to
be the best way to satisfy the requirements of the system, no matter the
operating mode under which it is working. For this reason, the Butterworth
approximation approach has been selected for the design. For the
implementation of the filter was used the configurations of the basic RC
active low pass filter and the Sallen-Key low pass filter.

As can be seen in Figure 5.2.v.1 the first stage of the filter consists of a
simple RC active low pass filter that has been modified to its differential
input configuration in order to satisfy the requirements that have been
specified above. As the ADL5380 must be loaded with impedance equal to
4502, the two resistors R1 and R2 have been selected in a way that satisfies
the condition shown by Eq. (5.2.1) and provide an input impedance of 450€2
as well.

Zin = R1+ R2 (5.2.1)

The following stages of the filter are Sallen-Key filters that have been
designed based on the fifth order Butterworth polynomial. The easiest way to
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provide the differential input that is required by the desired low pass filter,
consists in the use of the already mentioned RC active low pass filter as the
first stage of the final circuit. However, the Butterworth approximation
stipulates that the use of this stage is required only in case of an odd order
Butterworth filter. The Butterworth approximation approach consists
basically in adding one more Sallen-Key filter in cascade when a filter with
the consecutive odd order is desired. For this system the fifth order
Butterworth low pass filter has been selected as it shows a higher attenuation
for the high frequency components with respect to the third order filter, and
it demands a simpler construction involving less operational amplifiers than
the Butterworth low pass filter of order seven. The final design of the fifth
order low pass filter considering just commercial values for all its components
is shown in Figure 5.2.v.1. The resistance R13 placed at the output of the
filter, together with the input impedance of the ADC, produces a voltage
divider matching in this way the output voltage range of the ADL5380 with
the input voltage range of the ADC. The frequency response of the filter is
shown in Figure 5.2.v.2 where it is possible to see how it provides a flat
behavior until 5 MHz and a high attenuation of the high frequency
components. Finally Figure 5.2.v.3 shows the behavior of the filter's output
voltage with respect to its differential input voltage.

R13
ReH50hm

Figure 5.2.v.1: Schematic of designed active differential input/single-ended output low pass
filter.

Notice that in Figure 5.2.v.2 the cutoff frequency shows an attenuation
of 5.21 dB (with respect with the attenuation in pass-band) instead of an
attenuation of 3 dB as is usually done for filters design [Mal00]. As mentioned
before, the graphics exposed in this section were obtained using commercial
values for all the components involved in the design. For this reason, with
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respect to the desired theoretical filter's transfer function, the most similar
frequency response that could be obtained from the designed filter was the

shown above.
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Figure 5.2.v.2: Designed active differential input/single-ended output low pass filter frequency

response.
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Figure 5.2.v.3: Designed active differential input/single-ended output low pass filter DC
response (Vout and Vin_ diff are measured in [V]).

For the design and construction of this filter has been selected the
operational amplifier AD8023 from Analog Devices. This device is a current
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feedback amplifier and features a gain flatness of 0.1 dB to 10 MHz while
offering differential gain and phase error of 0.06% and 0.02°. It is important
to remark that the design and simulation (including Figure 5.2.v.2) of the
filter were done using the Advance Design System (ADS) and the simulation
model of the operational amplifier was provided by Analog Devices on their
official site.

Before we proceed with the construction of this filter, the analysis of
its ideal temporal response is investigated to determine if this filter represents
a good approximation of the ideal low pass filter. Using the MatLab language
as computing tool, the transfer function in frequency of the designed fifth
order filter given by ADS was processed to obtain the temporal response of
the filter through the Inverse Fast Fourier Transform (IFFT). With the
obtained temporal response, it is possible to estimate how the signal pulses
will be theoretically deformed in time by the designed low pass filter. The
change of the pulse shape at the filter output is important to consider as the
amplitude of the pulse could be reduced, producing some additional losses.
The comparison between the ideal 5 MHz low pass filter and the one designed
was necessary in order to evaluate the amplitude error that the filter is
generating.
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Figure 5.2.v.4: Comparison between the transfer functions (magnitude and phase) of the ideal

and fifth order Butterworth low pass filters.
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Figure 5.2.v.4 shows the transfer functions (magnitude and phase) in
frequency of both ideal and designed low pass filter. The phase response of
the ideal filter has been selected in order to force that at its output the signal
will show the same time delay that is produced by the designed filter. Figure
5.2.v.5 illustrates the output signals (in time and frequency) of these filters
when the input signal is represented by a rectangular pulse of 100 ns
(corresponding to the close range mode pulse shape). This pulse shape was
selected for the analysis as it constitutes the shortest pulse, thus the worst
case. Notice in Figure 5.2.v.4 that the phase of the designed 5th order low
pass filter approximates the phase of the ideal filter until the cutoff frequency.
The phase of the signal components attenuated by the designed filter is not
important.

Observing Figure 5.2.v.5, 120 ns theoretical time delay of the designed
filter response can be noted. As mentioned before, the ideal filter does not
involve any time delay at its output. For this reason, the phase response of
the ideal filter has been chosen so both filters' outputs will show the same
time delay and a comparison of their amplitudes can be easily made. The
average difference between the ideal and designed Butterworth filter signal
output amplitudes for the duration of the input rectangular pulse is about
0.016 V. These characteristics, together with all the results previously shown,
make possible to confirm that the 5th order Butterworth filter introduced in
this section constitutes a reasonable approximation of the ideal 5 MHz low
pass filter.

The next step for the filter design consists in the construction and
measurement of its electrical characteristics. Due to the delay in the arrival of
the components ordered for the filter construction, it was impossible to build
and test the filter on time, so all the important and practical data about it
could have been included in this thesis. However, this has to be considered as
future work for the system back-end. Regarding this thesis, the main
theoretical features of the designed filter are shown in Table 5.2.v.2.

Notice that the gain of the 1&Q demodulator and the low pass filter
have not been reported due to the change of the analysis form signal power
level to the signal voltage level mentioned in Chapter 4. As the filter has been
designed to satisfy the voltage characteristics of the 1&(Q demodulator output
and the ADC input, a linear behavior from the demodulator and the low pass
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filter have been assumed. The important parameter to examine here is not the
input power level anymore, it is the signal-to-noise ratio presented at the
ADC input that must be the same that the one at the 1&Q demodulator
input. The signal and noise power level at the 1&Q demodulator input have
been characterized to satisfy the SNR requirements of the radar system.
However, depending of the configuration of the filter, the signal and noise
power levels at the ADC input could be different, but their ratio should be
the same. It is significant to remark that in this particular case the design of
the active differential input/single-ended output low pass filter has been done
in a way that the maximum input signal power of the ADC corresponds to
the maximum linear input signal power at the 1&Q demodulator, but this
characteristic is not mandatory. In general it is enough to respect the input
power limitations of the ADC board and to maintain the SNR value
presented at the I1&(Q demodulator input.
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Figure 5.2.v.5: Comparison between the signal outputs (time and frequency) of the ideal and

fifth order Butterworth low pass filters for a 100 ns rectangular pulse input signal.
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Table 5.2.v.2: Designed active differential input/single-ended output low pass filter
theoretical electrical specifications.

Parameter Value | Units
Frequency Range DC-5 | MHz
Noise Figure (estimated) 10 dB
Max. Differential Input Voltage | 3 v
Max. Output Voltage 1 \%
Supply Voltage +7.5 A%
Gain (in pass-band) -0.093 | dB
Input Differential Impedance 450 Q

5.2.vi Analog-to-Digital Convertor Card

The ADC board is the component in charge for the analog-to-digital
conversion of the received echo signals. The ADC card selected to be utilized
in the prototype construction of the receiver is the 14-Bit Octopus
CompuScope 83XX digitizer manufactured by GaGe. This card is one of the
new Gage Octopus™ family of multi-channel digitizers for the PCI Bus. The
GaGe digitizer comes with an easy-to-use software development kit for
Matlab.

This card was chosen first of all because of its price and its high
resolution of 14 bits. However just 11 of these 14 are effective bits. Recall that
these values were previously considered for the ADC characterization made in
section 4.1. The sampling rate of the board was another important
consideration that had to be taken into account for its selection. This model,
among several other possible sampling rates, allows to sample the input signal
at 10 MSamples/s which corresponds to the sample rate required by this
system. The most important characteristic of the 14-Bit Octopus
CompuScope 83XX digitizer are listed in Table 5.2.vi.1.

Notice that the on-board memory of the ADC satisfies the
requirements of minimum memory needed shown in Table 4.1.1. It is
important to consider also that SMA/SMB adaptors are required in order to
use this digitizer since all connectors are of the SMB type.
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Table 5.2.vi.1: 14-Bit Octopus CompuScope 83XX digitizer characteristics.

Parameter Value Units
Number of Input Channels 2 -
Resolution 14 bits
ENOB 11 bits
SNR* 68 dB
Selected Input Voltage Range** +1 \Y
Selected Sampling Rate** 10 MS/s
Total On-board Memory 64, 128, 256, 512, 1024 | Mbits
Input Impedance (single-ended) 50 Q

* Measured at 125MS/s in the £500 mV range with 50 input impedance using 10 MHz sine
wave with amplitude of 95% of full scale and the on-board filtering capability.

** Correspond to the selected values chosen for this system. More other possible values are
presented in the Octopus CompuScope 83XX digitizer datasheet.
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Figure 5.2.vi.1: Photograph of Octopus CompuScope 83XX.

5.2.vii Digital Attenuator

The purpose of the digital attenuator stage is to optimize the linear
dynamic range of the whole receiver regardless of the operating mode that
will be used. The stage "Digital Attenuator" is composed as shown in Figure
5.2.vii.1.
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Digital Attenuattor

6 dB 15.5 dB Digital
Attenuator Step Attenuator -
4779-6 ZX76-15R5-PP-S+

Figure 5.2.vii.1: Schematic of the digital attenuator stage.

This configuration has been chosen due to the digital step attenuator
limited attenuation range available. The digital step attenuator has a
maximum attenuation of 15.5 dB and the maximum attenuation required by
the system back-end was around 19 dB. The ZX76-15R5-PP-S+,
manufactured by Mini-Circuits, is a 502 RF digital step attenuator that
offers an attenuation range up to 15.5 dB in 0.5 dB steps and has a minimum
attenuation of 3 dB at 3 GHz. The control is a 5-bit parallel interface. This
attenuator includes a ZX76-CP+ shielded cable with interface 25 pin D-type
connector J4 and software for its control from the computer.

On the other hand, the 6dB attenuator consists in the 4779-6 passive
fixed attenuator, manufactured by narda. The combination of the attenuation
given by both attenuators allows to provide the right attenuation to the
reception path for each of the operating modes. Table 5.2.vii.1 lists the main
characteristics of the ZX76-15R5-PP-S+, 4779-6 and the entire digital
attenuator stage, while Table 5.2.vii.2 shows the values of gain and noise
figure for the digital attenuator stage which are the objects of interest.

Table 5.2.vii.1: ZX76-15R5-PP-S+, 4779-6 and digital attenuator stage characteristics.

ZX76-15R5-PP- Digital )
Parameter 4779-6 Units
S+ Attenuator

Frequency Range | DC-4 DC-18 DC-4 GHz
Max. Input

24 33 30.12 dBm
Power
Gain -3..-17.7 -6.12 -9.01...-23.82 dB
Power supply 3 0 3 \%
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Table 5.2.vii.2: Measured gain and noise figure of the digital attenuator stage with respect to
the operating modes.

Close Range Mid Range Far Range Units
Parameter
Mode Mode Mode
Gain -18.3445 -15.6545 -12.7491 dB
Noise
. 18.364 15.8105 12.768 dB
Figure

The ZX76-15R5-PP-S+ requires the use of DC-blocks at its input and
its output. However, since in the evaluation boards of the LNAs, placed
before and behind this stage, contain already DC-Blocks it is unnecessary to

add more of them to the reception path.

Figure 5.2.vii.2: Photograph of the digital attenuator stage.

5.3 Transmitter COTS

5.3.i RF Amplifier

The RF amplifier selected for the transmitter construction is the
surface mount monolithic amplifier GV A-84+ manufactured by Mini-Circuits.
This is a wideband amplifier that offers a high dynamic range. The principal
applications in which this device has been used includes base station
infrastructure, portable wireless, wireless LAN, etc. For the prototype




construction the evaluation board TB-410-84+ was ordered, which includes
DC blocks at all RF ports.

Table 5.3.i.1: TB-410-84+ electrical specifications.

Parameter Value | Units
Frequency Range DC-7 | GHz
Supply Voltage +5 \%
Max. Operating Current 160 mA
Gain Q3GHz 15.54 |dB
Max. Input Power 13 dBm
Input 1dB Compression Point | 4 dBm
Max. Output Power 20.47 | dBm
Input Return Loss @Q3GHz -17.81 | dB
Output Return Loss @3GHz |-8.04 |dB

Figure 5.3.i.1: Photograph of TB-410-84+.

5.3.ii Power Splitter

Due to its low price and its low insertion loss value at 3GHz, the 2
way-0°power splitter/combiner ZAPD-44+ from Mini-Circuits has been
selected. This power splitter provides a good isolation and can handle high
power levels at its input. This dispositive has been use for wireless,
instrumentation and communication systems applications.
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Table 5.3.ii.1: ZAPD-4+ electrical specifications.

Parameter Value Units
Frequency Range 2000-4200 | MHz
Gain @Q3GHz -3.32 dB

Input Return Loss @3GHz | -18.82 dB
Output Return Loss @3GHz | -22.3511 | dB
Reverse Gain @Q3GHz -3.32 dB
Max. Input Power 10 \\%

Figure 5.3.ii.1: Photograph of ZAPD-4-S+.

5.3.iii 180 degrees Hybrid

For the prototype construction was selected the 13.00338.01.00 180°
hybrid from LYNX. This component features low insertion losses, high
isolation, good amplitude, phase accuracy and high power handling.

Table 5.3.iii.1: -180° Hybrid electrical specifications.

Parameter Value | Units
Frequency Range 2-4 GHz
Gain @3GHz -3.29 dB

Input Return Loss @3GHz | -18.06 | dB
Output Return Loss @3GHz | -16.07 | dB

Reverse Gain @Q3GHz -3.29 dB
Phase Balance @3GHz +10 °
Max. Input Power 50 \WY%
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Figure 5.3.iii.1: Photograph of 13.00338.01.00.

5.3.iv BPSK Switch (First switch)

This switch is in charge of modulating the 3GHz sinusoidal signal,
shifting its phase 180° as is dictated by a fixed sequence. This switch test
board has been manufactured Fraunhofer FHR and it utilized the switch SW-

475 from MA-COM.

Table 5.3.iv.1: Switch electrical specifications.

Parameter Value | Units
Frequency Range 0.5-3 | GHz
Gain @Q3GHz -1.15 | dB
Input +1dB Compression Point | 27 dBm
Noise Figure @Q3GHz 1.15 dB
Max. Input Power 33 dBm
Supply Voltage 5 \%
Input Return Loss @Q3GHz -19.78 | dB
Output Return Loss @3GHz -21.36 | dB
Reverse Gain Q3GHz -1.15 | dB
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Figure 5.3.iv.1: Photography of the test board manufactured by Fraunhofer FHR.

5.3.v Pulse Shaping and T/R Switch

The SW-475 is a low cost SPDT high isolation terminated switch
manufactured by MA-COM. These switches protect the T/R modules so they
do not have a high RF power always available at the input, just during the
pulse time. The pulse shaping switch will turn on and off (depending on the
pulse duration and the PRF) the signal that has been generated by the RF
source and modulated by the BPSK switch. On the other hand, the T/R
switch will change from one input to the other one as it changes from
transmission to reception mode and vice versa.

The selection of two different switches is due to the fact that these
components where already available in the Fraunhofer FHR's laboratory.
However, as the one manufactured by Fraunhofer FHR is just an
improvement of the demonstration board made by MA-COM, and the
difference in gain between them is 0.3 dB they can be considered as the same
switch for what regards this thesis.

Figure 5.3.v.1: Photograph of SW-475.
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Table 5.3.v.1: SW-475 electrical specifications.

Parameter Value | Units
Frequency Range 0.5-3 | GHz
Gain @Q3GHz -1.45 |dB
Noise Figure @Q3GHz 1.45 dB
Max. Input Power 33 dBm
Supply Voltage 5 \%
Input +1dB Compression Point | 27 dBm
Input Return Loss @Q3GHz -16.85 | dB
Output Return Loss @3GHz -20.36 | dB
Reverse Gain @Q3GHz -1.45 |dB

5.3.vi Attenuator

The attenuator used here is the same fixed attenuator used inside the
digital attenuator stage of the receiver. The 4779-6 passive fixed attenuator,
manufactured by narda has been added to the transmission path with the
purpose of avoiding that any of the components of the transmitter are
operated in saturation when the needed signal power level is being generated.

The main electrical specifications are shown in Table 5.2.vii.1.

Figure 5.3.vi.1: Photograph of 4779-6.
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Chapter 6

Binary Phased Sequences

The BPSK modulation produced in the transmitter is employed in
order to execute pulse compression later on in the receiver. A pulse
compression technique has been chosen to compensate the fact that the peak
power that can be transmitted by the array antenna is limited. The
importance of pulse compression lies on the fact that it allows to transmit
more energy by using longer pulses, while increasing the radial resolution by
dividing these pulses in shorter sub-pulses. The modulation or coding made in
the transmitter could be either a frequency modulation (linear or non-linear)
or a phase modulation. However, to be implemented in this system the binary

phased modulation type has been chosen.

The transmitter, just in the case of being necessary to detect an object
placed within the mid and far range, will modulate in phase the 3GHz signal
sub-dividing the long pulses into a specific number of sub-pulses of equal
duration; each transmitted with a particular phase. The binary phased
sequence then consists of a progression of both +1 and -1 that will be used as
the power supply signal of the BPSK switch (see Figure 4.4.1). The switch
will choose between the two input signals in accordance with the binary
phased sequence selected. As the input signals available correspond to the
same signal but with a phase shift of +180° between them, the modulated
signal at the switch output will have a phase that alternates between 0° and
+180°, generating in this way the sub-pulses.
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The matched filter (involved in the pulse compression process) output
is described by the phase code aperiodic autocorrelation sequence [CR04]. In
order to optimize the system and to guarantee a good performance, it is
necessary to know the binary codes with the lowest achievable peak-sidelobe
ratio (PSR). The PSR is defined as twenty times the logarithm of the ratio
between the amplitude of the higher sidelobe level and the amplitude of the
main peak of the autocorrelation function. The presence of high sidelobe levels
around and near the main peak of the compressed signal will disturb and
confuse the radar [ANBO7]. It is for this reason that the selection of the used
BPSK sequences is in fact quite critical. In practice it exists a special class of
binary codes which are called Barker codes. These codes are also known as
optimum because they provide an autocorrelation function with the lowest
sidelobe levels possible, which are all of equal magnitude. The autocorrelation
function of the Barker codes satisfies the condition that:

RIn]|<1  Vn#0 (6.1)

where R[n] represents the autocorrelation function that will be defined with
more detail in section 6.2.

These sequences could also be applied in the complex field if each one
of its terms is a complex number with a module equal to one[GS65]. The main
problem with these sequences is that just a small number exist. In Table 6.1
are listed all the Barker codes known until this date. Based on the result
obtained by [TS61] and recalled by [GS65], it is deduced that no other odd
length binary Barker sequence besides those in Table 6.1 exist. On the other
hand, the existence of any Barker codes with a even length bigger than four is
highly unlikely.

The length limitation of the Barker codes is an obstacle to get better
SNR. The relation between the amplitude of the autocorrelation function
peak and the sidelobes (PSR) is directly proportional to the sequence length.
The sidelobes of the Barker codes have an amplitude of +1 as is introduced in
[GS65] and [T'S61], while the main autocorrelation lobe has amplitude equal
to the sequence length. These properties allow the codes to have a more
uniform spectrum and better performance in the receiver. Figure 6.1 shows
the autocorrelation function for the Barker code of length 13. The PSR is also
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proportional to the SNR with which the sequences can be detected by means
of the correlation.

Table 6.1: Barker codes.

Length Barker Sequence PSR [dB]
1 +1 -1 0

2 +1 +1 +1-1 -6.02

3 +1+1-1 -9.54

4 +1+1 +1-1 +1+1-1+1 -12.04

S +1+1 +1-1+1 -13.98

7 +1+1+1-1-1+1-1 -16.90
11 +1+1+1-1-1-1+1-1-1+1-1 -20.83
13 +14+1+1+1+1-1-1+1+1-1+4+1-1+1 -22.28

Amplitude

Figure 6.1: Length 13 Barker code autocorrelation function.

In the case of this system, as an SNR of 14.3 dB is required at the
output after coherent processing, the binary sequences to be selected must
have a PSR maximum equal to -14.3 in order to avoid interference in the
signal processing due to the sidelobes amplitude. Taking that into account, all
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the Barker codes with length smaller than 7 are considerer useless. The length
of the codes or sequences that will be used for the transmitter corresponds to
the number of sub-pulses in which is divided the longer pulse when the
system operates in mid and far range mode. The lengths of these codes then
are shown in Table 2.7.2. Notice that the longest Barker code existing is of
length 13 as shown in Table 6.1, so unfortunately it will be impossible to use
optimum codes for this system. It is for that reason that in this chapter a
thorough search for useful codes that match the system requirements has been
done, so the radar will be as much resilient as possible.

6.1 Approaches for the Binary Sequence Search

The existence of unnecessary sidelobes produced by the autocorrelation
process yields ghost echoes of targets, which is undesirable for the detection
performance of the radar [SS00]. It is for this reason that the main challenge
of the pulse compression technique is to minimize the PSL. Since in practical
applications, as the radar system under study in this thesis, frequently require
sequence lengths longer than 13, a collection of codes with the lowest possible
sidelobe level for longer sequences is needed. However up to now there is no
accurate solution and effective analytic method to find sequences with the
best (lowest possible) sidelobes for the longer lengths. Due to this fact, just
exhaustive search methods have been used to generate the best sequences
possible. These methods are characterized for being enormously time

consuming.

Executing a "full search", which means carrying out a sidelobe level
analysis of all the sequences of a determinate length, Linder [Lin75], in 1975,
found all the best binary codes up to a length 40 taking for this task about 50
days of work. Years later, in 1990, Cohen et al. improving the algorithm
extended the result up to length 49 [CFB90]. Afterward using PSL preservers
Mertens [Mer96] and consequently Coxson et al. expanded the result reaching
a length equal to 60 [CRO4]. The fact that the computational costs quickly
became prohibitive since the cost roughly doubles with each unit increase in
code length, provoked the necessity to add new effective optimizations to the
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search algorithm, looking now for good rather than the best aperiodic
autocorrelation function properties.

In 1967, Boehmer [Boh67] developed an analytical technique for finding
good pulse compression codes for any prime code length under 150. Using a
Neural network approach, Hu et al. [HFD97] obtained useful binary sequences
for lengths up to 100. Deng et al. [DF99] obtained suboptimum binary
sequences with better aperiodic properties than the found with the neural
network approach by using evolutionary algorithm (EAs). However the best
results registered up to now were obtained by Wang [Wan08|, who used an
iterated variable depth search (IVDS) algorithm to search for the least
autocorrelation binary sequence for a given length. Notice that even with
these different approaches, the maximum code length that can be analyzed
within a reasonable computation time is up to 100 units.

Due to the large variation of magnitude between the two code lengths
that the system requires, different approaches have been taken for each case.
For the mid range binary sequences an algorithm of exhaustive search is used
as the code length needed is equal to 32 and it is possible to find all the
optimum codes in a reasonable computational time. However as the far range
binary sequence required has a length of 80, a different algorithm to search
for the near optimum binary phased codes is developed.

6.2 Length 32 Codes Search Algorithm Guideline and
Results

Recalling that the binary phased sequences consist of a progression of
both 4+1 and -1, the autocorrelation function of an aperiodic N-bit sequence

ap is given by:

N-|n|-1

R(n) = z QG > n=0,+1, .., +(N—1) (6.2.1)

i=0
And its properties are:

R(0) = N (6.2.2)
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R(n) = R(—n) (6.2.3)
R(m) <R(0) , vn (6.2.4)
RMm)=0 , In|=N (6.2.5)
The peak-sidelobe level can be calculated as it follows
PSL = ‘,?33‘|R(")| (6.2.6)

The peak-sidelobe ratio (PSR) on the other hand represents the ratio
between the PSL and the main lobe of the autocorrelation function.

max|R(n)|

PSR = % (6.2.7)

This value is often given in dB, which is obtain calculating the 2010og;o(PSR).

The search space of codes, on the other hand, is composed by all the
different codes of a specific length N and its dimension is given by:

SF = 2N (6.2.8)

As mentioned before a length of 32 bits generates a search space of
codes where it is possible to find all the optimum codes by means of an
exhaustive search. Therefore the goal of the algorithm in this section is to find
all the codes of 32 units that have the minimum PSL and consequently the
minimum PSR possible.

The first measure taken during the development of the search
algorithm was to reduce the search field, so the computational time will be
reduce as well. Based on the autocorrelation properties of the general binary
phased codes, the search field can be reduced by the use of the PSL preserves

concept.

The PSL preserver refers to the operation that is applied on a binary
code @n that does not produce any change in the autocorrelation or its
absolute value. For a known code length N, the use of the PSL preserves
provoke a partition of the total search space SF [ANB07]. The PSL preserves
used in the design of the algorithm were:

96



b, = —a, , 0<n<(N-1) (6.2.9)
tn=0CD"a, , 0<ns(N-1) (6.2.10)

as they satisfy the previous established condition that the autocorrelation
value must be maintained.

|Ra(m)| = R, (M)| = [Rc(n)] (6.2.11)

Now, thanks to the consideration of Eq. (6.2.9) and Eq. (6.2.10), the
entire set of codes can be represented by a subset of one-fourth the size,
containing a single code from each equivalent class. The dimension of the new

search space is then given by:

SF,q = 2N~Nest (6.2.12)

where Npsz is the number of PSL preserver used to reduce the search field.

Finally it was implemented an algorithm that calculates the maximum
sidelobe level of all the codes contained in the subspace defined by the use of
the PSL preservers. This algorithm selects and saves those codes that exhibit
the minimum PSL possible, providing at the end of its operation the
compilation of optimum codes of length 32. For the creation of the routine
was used the general-purpose, procedural, imperative language of
programming known as Fortran. The results obtained with the used of this
algorithm are shown in Table 6.2.1.

Table 6.2.1: Full search algorithm results for 32 length sequences.

Total Computational Time
Code Number of PSL PSR Deb Rel
Length | Optimum [dB] ebug clease
Mode Mode
Codes
32 844 3 -20.56 2h 19m 12s 1h 8m 51.72s
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Figure 6.2.1 shows the aperiodic autocorrelation function of one of the
optimum 32 length sequences (Table 6.2.2) found with the developed
algorithm.

Table 6.2.2: Example of optimum 32 length codes.

Optimum |-1-1 +1 41 4+1 +1+1 41 4+1-1 41-1+14+1-1-141-1+41-1
Code -1-1+1+41-1+4+1-1-1-1+41+1-1

To finalize it should be noted how the codes found in this section
satisfy the system requirements due to the fact that the PSR is much lower
than -14.3 dB.
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Figure 6.2.1: Example of length 32 optimum code autocorrelation function.

6.3 Length 80 Codes Search Algorithm Guideline and
Results

For sequences longer than a 60 units length, as mentioned before, it
has not been possible to carry out a search for theirs optimum codes due to
the extremely long computational time required. As a 80 units binary phased
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code is needed for the system to achieve detection in the far range, a new
search method must be apply in order to tackle this problem. The algorithm
introduced in this section instead of looking for all the optimum codes of a
specific length, it selects those codes that exhibit a PSL reasonably low. This
method was inspired by the approach proposed by Deng et al. due to the
remarkable results shown in [DF99] and the simplicity of the concept which
allows to generate results within a small computational time.

Hu et al. [HFD97] with a neural network approach found a minimum
PSL equal to 8 for sequences of 80 units. Deng et al. [DF99] a couple of years
later, was capable to find length 80 sequences with a minimum PSL of 6,
improving in this way the previous results obtained by Hu et al. As the
concept of using an evolutionary algorithm to find good codes proved that it
is capable of better results than using a neural network approach, a secondary
goal of this algorithm besides finding near optimum codes to be used
afterwards by the radar system, is to find a minimum PSL that is, at least,
equal to the one found by Hu et al. in [HFD97]. Therefore, the algorithm
must give at the end of its operation a compilation of good codes of 80 units
that have the minimum PSL and consequently the minimum PSR found.

The evolutionary algorithm (EA) approach has been inspired by the
theory of biological evolution, using for its development the concepts of
reproduction, mutation, recombination, and selection. The basic idea behind
the EA technique is: given a population of individuals, the environment
pressure causes natural selection (selection of the fittest) and this causes a
raise in the fitness of the population [ES03]. For the measure of the
population fitness it is necessary to establish a quality function to be
maximized. Based on the fitness measure of the entire population, some of the
better candidates are chosen to seed the next generation by applying
recombination and/or mutation to them. The term recombination refers to
the action of applying an operator to two or more selected candidates (known
as parents), provoking in this way the generation of one or more new
candidates (called children). Mutation, in contradistinction to the
recombination is applied just to one candidate, producing a new child for each
parent. This process can be iterated until a previously set computational limit
is reached or it is generated a new candidate that equals or upgrades a certain
quality condition.
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For the application of the developed evolutionary algorithm the total
population corresponds to the 280 binary phased sequences of 80 units in
existence. In our particular case, the "fitness" of the population corresponds to
the sidelobe level of the individual codes. This will be measured using as
quality function the value of PSR which must be minimized in order to get
better codes. Trying to keep the evolutionary concept quite simple, the
algorithm created does not make use of recombination, applying mutations to
a specific group of codes (parents) selected from the total population.

As the parent codes must be composed by several candidates with a
high fitness level, a particular group of codes has been selected. Using the
algorithm implemented to find the optimum 32 length codes, the codes of 4
and 20 units were found. Taking each one of the found 20 length optimum
codes as modulating signals, it has been applied an AM modulation process
over the Barker 4 length codes, producing in this way sequences of 80 units.
The modulation procedure done to get one of the 80 length codes is shown in
Figure 6.3.1. This way there were obtained a total of 12 binary sequences
with 80 units, which exhibit a PSL between 19 and 21.

Carrier Barker 4 Length Sequence
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Figure 6.3.1: AM modulation process for the generation of the parents sequences.
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These 12 sequences compose the group of parents codes due to the fact
that the highest PSR given by these was about -11.6 dB. Several combination
of optimum codes where tried in order to select the fittest modulating and
carrier sequences to get 80 length sequences. However, the one introduced
above had the best values of PSR which will be the starting point of the
evolutionary algorithm to obtain final codes with a lower PSR. Notice that
the PSR given by the parents codes is quite close to the minimum condition
established by the system of -14.3 dB.

Now to generate the children codes, as mentioned before, mutations
will be produce. The mutations will be completely random and could affect
one or more units of all the parents codes. As the population is composed by
binary phased codes, the mutations consist in a simple sign change in the
unit(s) or digit(s) of the parent codes selected randomly.

The implementation of the algorithm is quite simple. A limited number
of iterations will be specified with respect to the computation time that is
available or desired. Each iteration generates one unique 80 length vector of
random values between +1. The complete collection of parents codes will be
mutated in the same code digit(s). For each parent code mutated an unique
child code will be generated. Then, for the complete compilation of the
children codes the maximum autocorrelation sidelobe level will be calculated.
If one or more of the children codes exhibit an improved fitness (lower
maximum autocorrelation sidelobe level) with respect to their respective
parent code, these codes will become parents by replacing their own in the
parent codes group. In this way the fitness of the entire population of parent
codes will improve.

The particular code digit(s) of the parent codes that will suffer a
mutation will be selected applying a particular condition to the values that
compose the generated random vector. For this algorithm the number of
mutations that the group of parent codes will experience per iteration is kept
small. The condition used to select the code digit(s) to be mutated established
that as the random vector has a many cells as the binary sequences digits, the
position(s) where this vector exhibits a value greater than 0.9 will determine
the digits that will be mutated in the whole collection of parent codes. For
example, if the random vector generated shows random values smaller than
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0.9 in all its cells besides cell 4 and 20, all the parents codes will be mutated
by changing the sign of their digits number 4 and 20.

The fitness of the children codes will be calculated through the
autocorrelation function and the determination of the PSL of all them. If the
PSL exhibited by a child code is better (lower) than the one shown by its
respective parent, this code will substitute its parent in the compilation of
parents codes, allowing its reproduction (mutation) in the next iteration.

The algorithm after finishing the limited number of iterations will
provide the compilation of parents codes which does not correspond anymore
to the original given at the beginning to the algorithm. As the mutation is
done randomly, the algorithm can be executed several time obtaining different
PSL results. For this reason a restriction of the minimum PSL desired must
be applied. As the purpose of this algorithm is to find the minimum possible
PSL of the 80 length codes (to provide robustness for the radar system) and
at the same time improve the PSL results obtained by Hu et al., the
condition established for the selection of the good codes was a PSL maximum
equal to 8. The results achieve with this EA are listed in Table 6.3.1.

Even though that the minimum PSL found with this algorithm did not
reach the results shown in [DF99], a PSL equal to 7 is better than the results
obtained by Hu et al.. One more time, as with the 32 length code case, the
PSR values obtained satisfy the system requirement by far, reducing the
probability of having signal processing error due to the sidelobe levels.

Table 6.3.1: Evolutionary algorithm results for 80 length sequences.

Found Near Optimum Codes | PSL | PSR [dB]
343 8 -20
30 7 -21.16

Figure 6.3.2 shows the aperiodic autocorrelation function of one of the
near optimum 80 length sequences (Table 6.3.2) found with the developed
evolutionary algorithm.
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Table 6.3.2: Example of 80 length near optimum codes with PSL equal to 7.

-1+1+1-1-14+1+1-1+1+1 +1 +1-1-1+1 +1 +1 +1 +1

N
car 411 -1 <1 411 -1 +1 -1 -1 41 41 4+1 -1 -1 -1 +1 +1 -1 -1 +1

Optimum

oo 1 1 -1 o1 1 <1 41 -1 +1 -1 -1 41 +1 -1 +1 -1 41 41 -1 -1
ode

+1-14+1-14+1-14+1+1-1+1-1+1-1-1-1-1-1-1-1
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Figure 6.3.2: Example of 80 length near optimum code autocorrelation function.

6.4 Cross Correlation Analysis

First of all let us quickly review the idea of cross-correlation, which is
the measure of similarity of two signals, sequences or variables. As the
autocorrelation analysis is applied to the sequences obtain in the previous
section, the cross-correlation of two codes @[n] and b[n] of the same length N,

can be determine as follow:

N-|n|-1
R (n) = Z aibispm , n=0,%1, ..., +(N—1) (6.4.1)

i=0

The cross-correlation analysis is quite important for the radar system
operation. In order to avoid interference due to objects placed outside the
unambiguous range of the operating mode in use, the radar system from one
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pulse to the next must change the binary phased sequence used to modulate
the pulses. If the radar system maintain the same binary phase code for two
(or more) consecutive pulses, the echo signals due to the first pulse coming
from targets outside the radar's unambiguous range will be received during
the reception time of the next pulse, provoking in this way range ambiguity.
For this reason the maximum cross-correlation level between two consecutive
sequences must be as low as possible. Notice that the continuous necessity of
changing the pulse compression code from one pulse to another was the
motivation for finding as many as possible optimum or near optimum codes in
the section 6.2 and 6.3.

Other radar systems operation in the same environment represents one
source of interference that can confuse the radar system provoking detection
mistakes. That is why the sequences are not fixed but must change in a
certain way in order to reduce the probability of two coherent radar systems
using the same sequence.

The cross-correlation values between the same length codes that have
been found are not constant. The analysis employed here consisted in
calculating the cross-correlation function between all found codes of the same
length, then based on these values the selection of the following codes to use
can be done. If one code @[n] presented a high value of cross-correlation with
respect to a different code b[n], it indicates that the sequence b[n] does not
qualify as a suitable candidate to be used after @[n] during the transmission
process. Consequently, if P[n] shows low cross-correlation function values
with respect to @[n] that also satisfies the requirements of PSR of the system,
the sequence b[n] will be indicated as a candidate, generating in this way for
the code a[n] a data base where all its following candidates are accumulated
and could be selected from for the modulation of the energy pulse.

For all the best codes found (of 32 and 80 length) were calculated the
cross-correlation matrices, which contain the maximum cross-correlation levels
between them (for all the possible combinations of code couples with the same
length). It is obvious that the diagonal of these matrixes will exhibit the
highest values as these correspond to the main peak of the autocorrelation
function of each found code.

Figure 6.4.1.a and Figure 6.4.2.a illustrate graphically the cross-
correlation matrices for the found 32 length optimum codes and the found 80
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length near optimum codes, respectively. As mentioned before, a filtering
must be done to these matrices that allow us to determine, for each one of the
found codes, those who are suitable to be transmitted consecutively. This
filtering is based on the premise that the maximum cross-correlation isolation

possible between two codes is desired.

In case of the 32 length optimum codes, the couples of codes with the
minimum cross-correlation levels were determined in order to reduce as much
as possible the effects mentioned above. The minimum cross-correlation level
between 32 length optimum codes is equal to 7, which provides a PSR of -
13.20 dB. Unfortunately, just few optimum codes meet this level.
Consequently, the trade-off between the number of possible codes and the
minimum cross-correlation level for the 32 length optimum codes is critical, as
the interference given by the cross-correlation of the codes increases when a
larger collection of codes is desired. The minimum cross-correlation level, in
this particular case, was raised to 8 (Figure 6.4.1.b) as a significant quantity

of codes with this level was available.

For the 80 length near optimum codes, the same analysis was applied.
A significant amount of codes were found that have a cross-correlation level
equal or smaller than 15, providing a maximum PSR of -14.54 dB. Figure
6.4.2.b shows all the couple of codes that exhibit this cross-correlation level.
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Figure 6.4.1: (a) Graphical representation of the cross-correlation matrix for the 32 length
optimum codes. (b) Graphical representation of the cross-correlation matrix for the 32 length
optimum codes with a maximum level of 8 (-12.04 dB).
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length near optimum codes with a maximum level of 15.

106



Chapter 7

System Back-End Prototype Completion

7.1 Measurement Procedures

In this section will be given a full description of the gain and noise
figure measurement procedures. Also will be listed the instruments and
component that were used to get all the results shown in the rest of the

section.

The gain measurements were done with the help of a PNA series
network analyzer E8364B from Agilent Technologies. This instrument
measures the scattering parameter of the device under test (DUT) placed
between its ports. On the other hand, the noise figure measurement procedure
was based on the Y-factor method shown in [ATM]. The
ROHDE&SCHWARZ FSUS50 spectrum analyzer was used to measure the
noise figure of all the components of the system back-end.

Before describing the Y-factor procedure it is necessary to introduce
some basic concepts as the Excess Noise Ratio (ENR), noise source and Y-
factor itself.

The Y-factor method involves the use of a noise figure source that has
a pre-calibrated ENR. The excess noise figure is a temperature-dependent
noise ratio. It is defined as the noise that occurs above 290 K which usually
corresponds to the room temperature where the measures have being made.
Typically ENR is measured in dB and it is calculated with Eq. (7.1.1)
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T TOFF
ENR = g (7.1.1)
Ty
where: TYY and TS are the noise temperatures of the noise source in its ON

and OFF states, respectively.
T, is the reference temperature of 290 K.

For all the noise figure measurements, it was used the NC346V noise
source from NOISE COM INC. This has an ENR of 13.73 dB at 3 GHz.

The Y-factor, conceptually, is a ratio of two noise power levels, one
measured with the noise source ON and the other with the noise source OFF.

ON
yN_ (7.1.2)

NOFF
ON OFF .
N”% and N""are measured several times, so that an averaged value of Y can

be computed.

The complete Y-factor method requires two steps: calibration and
measurement of DUT, as shown in Figure 7.1.1. The first step is done without
the DUT in place, connecting the noise source directly to the input
instrument. Here a noise reference plane is measured. The second step consists
in repeating the Y-factor measurements with the DUT inserted. In this step
the spectrum analyzer screen will display the measurements corresponding to
the DUTs noise figure.

(a) Calibration (b) Measurement of DUT
L . O7utprut o Outpm
T L1 | ‘ i - j 1 w
ij i L J'M%M rWr
I: I;Pm Spectrum Analyzer

\—{ DUT H Noise Source

Figure 7.1.1: The Y-factor noise figure measurement.
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To know more about the calculations done by the spectrum analyzer in
order to determine the noise figure of the DUT, it is recommended to consult

[ATM].

As the noise figure instruments are very sensitive, any RF interference
either radiated or conducted, will mask as noise power and affect
measurement accuracy. During the measurement process, the results obtained,
using the Y-factor method as presented above, were quite unstable. For this
reason some modifications of the established set-ups for the calibration and
for the measurement steps were made. These modifications are shown in
Figure 7.1.2 and Figure 7.1.3.

W
m s |
ik
Ingpm Spectrum Analyzer
Isolator Isolator Noise Source |[€—

Figure 7.1.2: Schematic of the calibration set-up.

. Output
‘ i ‘ 28V ¥
3 TN |
"j“*h i
In,pm Spectrum Analyzer
Isolator DUT Isolator Noise Source

Figure 7.1.3: Schematic of the noise figure measurement set-up.

First of all it is important to remark that, as the noise figures to
measure and the ENR given by the noise source are low, the pre-amplifier
included in the spectrum analyzer had to be activated to minimize
measurement uncertainties. A couple of coaxial isolators were added to the
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set-ups with the purpose of improving the matching of the spectrum analyzer,
shielding it on its input side from the effects of conditions on its output side.
In our particular case, the 200057 isolators by RYT INDUSTRIES were used.
This new configuration had showed a significant improvement of the
measurement process, allowing to get more stable results of the noise figure
measurements.

7.2 Experimental Measurement Results

Most of the gain and noise figure measurement results are shown in
chapter 3 and 4, as all the gain and noise figure values of each introduced
component, were measured in the laboratory in order to make the power level
plan as realistic as possible.

Having all the components for the transmitter and the receiver
demonstrator it was necessary to measure the gain and the noise figure of the
whole transmission and reception path. As mentioned before, for the
transmitter case the noise figure was not measured as the noise power level
analysis is not necessary. In order to measure the transmitter and the receiver
separately, the T /R switch block was not included in the built set-ups.

For the transmitter, the measurement of the signal gain was made
from the power splitter input to the second power amplifier output (stage 2 to
8 of the transmitter power level plan). Figure 7.2.1 shows the transmission
path built with all the acquired COTS components. Notice that in order to
build the transmitter, it was necessary to add some SMA-M/SMA-M adapters
and some cables which added some additional losses with respect to the
system shown in Chapter 4. Regarding the cables, these were selected as
similar as possible in order to build a symmetrical transmission path, reducing
in this way the additional phase difference that they produce between both
modulation switch inputs. Due to these new considerations, it was expected in
advance a smaller gain than the calculated in Chapter 4. Table 7.2.1 shows
the expected value of gain for this transmitter, considering the absence of the
T /R-switch and the result of the practical measurement.
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Table 7.2.1: Theoretical and measured transmission path gains.

Theoretical expected gain [dB] | Measured gain [dB] | Error [dB]
15.8197 15.1583 0.66

The error calculated here, as was predicted in advance, can be justified
by the presence of several port adapters and cables along the transmission
path that were not considered in the power level plan and for the gain
estimation. The measured signal gain shown in Table 7.2.1 corresponds to the
transmitter path that does not change the input signal phase 180° which will
be the signal path in the case of the close range operating mode where no
BPSK modulation is applied. For the other two operational modes the
transmitter input signal will be divided in sub-pulses that will have a
particular phase of the two possible due to the BPSK modulator shown in
Figure 7.2.2. For this reason, it was important to measure the gain of both
paths and their phase in order to determine how balanced will be the
transmitter output signal. These results are listed in Table 7.2.2.

Figure 7.2.1: Photograph of the transmission path built with the selected COTS components.
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As the difference between the two transmission paths was less than 0.1
dB in gain (amplitude) and 171.8° in phase, it is possible to confirm that the
modulation of the signal was correctly achieved. However, a more precise
modulation, where the phase difference between the two signal paths is closer
to 180°, can be achieved if the cables involved in the BPSK modulator are

manufactured especially to be as similar as possible.

Table 7.2.2: Phase and gain comparison of the two possible transmission signal paths.

Transmission Path

Measured gain [dB]

Measured phase [°]

0° 15.1583 75.6171
-180° 15.2169 -96.1761
A 0.06 171.79

Figure 7.2.2: Photograph of the BPSK modulator built with the selected COTS components.

Finally, the signal gain measured provided by the built transmission
path satisfied the power requirements of the system frond-end if this is fed
with a RF signal of 0 dBm as has been assumed along this thesis. Under these
conditions the transmitter will be able, regardless of the square root Taylor

distribution attenuation made by the feeding network, to generate a signal
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power level that is enough to saturate all the T/R-modules without breaking
any of them.

Figure 7.2.3 shows the scattering parameters of the two signal paths
for the built transmitter demonstrator shown in Figure 7.2.1.
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Figure 7.2.3: Magnitude and phase of the S-parameters for the built transmitter
demonstrator: (a) 0° signal path, (b) 180° signal path.

With respect to the receiver, the gain and noise figure were measured
for the RF part of the receiver which includes all the components from the
first LNA (including its respective limiter) to the band pass filter (from stage
5 to 12 of the receiver power level plan). Figure 7.2.4 shows this RF reception
path build with all the acquired COTS components. The 1&Q demodulator
and the designed low pass filter were not considered in the RF receiver path
due to the fact that these stages work in base-band and they have been
designed to behave linearly, not affecting the gain of the final reception path.

Figure 7.2.4: Photograph of the RF reception path built with the selected COTS components.
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In the same way as with the transmitter, the use of SMA-M/SMA-M
adaptors was necessary, adding more losses and reducing the signal gain of
the receiver path once again. In contrary to the transmitter case, the
reduction of the receiver path's signal gain here is quite critical as a minimum
signal gain is required. The digital attenuator stage is of vital importance in
these circumstances. If due to the losses added for the adapters, the minimum
signal gain is not reached, the attenuation given by this stage can be changed
in order to fix the situation, trying always to get the largest linear dynamic
range possible.

The optimum receiver's signal gain was measured for all the operating
modes. The digital attenuator stage value was fixed in order to satisfy the
minimum signal gain requirements of the receiver path and providing at the
same time the largest linear dynamic range possible with this configuration.

Table 7.2.3: Theoretical and measured minimum signal gain for the RF reception path shown
in Figure 7.2.4.

Mode Minimum Digital
. Measured Error
Theoretically Attenuattor

. . gain [dB] [dB] .
Required Gain [dB] Settings [dB]

A 31.24 31.4812 0.24 3.5
B 33.76 34.0936 0.33 7
C 36.77 36.8996 0.13 9.5

The error calculated here can be interpreted as the part of the
theoretical linear dynamic range that could not be used due to the limitations
of the receiver prototype. Notice how the use of the digital attenuator stage
allows to make the most of the linear dynamic range limited by the ADC.

The plot of the scattering parameters of the RF reception path for all
its different configurations is shown in Figure 7.2.5.

Concerning the noise figure, using Eq. (4.2.1) it was possible to
calculate the theoretical noise figure expected for the RF part of the receiver
path. Table 7.2.4 shows how the noise figure grows while stages are added to
the signal path for the different operating modes. In this table are considered
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just the components from the stage 5 to stage 12 of the receiver power level
plan, which form the RF reception path shown in Figure 7.2.4. Now using the
Y-factor method introduced in the previous section, the noise figure for all the
different configurations of the reception path was measured. The comparison

of the measured and theoretical values of the noise figure is presented in
Table 7.2.5.

|S Parameter| [dB]
|S Parameter| [dB]

_]0% 1 1 1 1 1 1 1 1 1
5 26 27 28 23 3 31 32 33 34 35 :
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822

IS Parameter| [dB]
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Figure 7.2.5: S-Parameters of the built RF reception path for: (a) close range mode
configuration, (b) mid range mode configuration, (c) far range mode configuration.

It can be observed that the measured noise figure is always bigger than
the theoretical one. However, as the error between them is quite small the
values measured are considered as acceptable. Noticed how in Table 7.2.4 the
noise contribution of the last stages does not change considerably the final
value of the noise figure. It is for this reason, that it is correct to assume that

115



no matter how large the 1&Q demodulator and the designed low pass filter

noise figures are, the final receiver noise figure will remain approximately the

same as the one given in Table 7.2.5. The noise figure measured in this partial

receiver prototype for most of the cases is larger than the total receiver noise

figure equal to 4.8 dB as expected, as has been mentioned in previous

chapters. However, it is important to remember that this partial prototype

does not include the system front-end and the expected noise figure of 4.8 dB

involves the entire reception path. The noise contributions presented here

correspond to the system back-end and will be attenuated by the high gain of

the feeding network once the reception path is completely built, reaching at

the end the expected noise figure value.

Table 7.2.4: Theoretical noise figure along the RF reception path shown in Figure 7.2.4.

Noise Figure [dB]

Stage Component Close Range Mid Range Far Range
Mode Mode Mode

5 Power Limiter

n°l 0.394 0.394 0.394
6 LNA n°1 3.472 3.472 3.472
- Digital

Attenuator 5.380 4.621 4.065
g Power Limiter

n°2 5.525 4.716 4.119
9 LNA n°2 6.957 5.710 4.722
10 Power Limiter

n°3 6.959 5.711 4.723
11 LNA n°3 6.982 5.728 4.733
19 Band-Pass

Filter 6.982 5.728 4.734
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Table 7.2.5: Confrontation of the measured and theoretical values of the RF reception path

noise figure.

Operating Theoretical Noise Measured Noise Error
Mode Figure [dB] Figure [dB] [dB]
Close
6.982 7.234 0.25

Range
Mid Range 0.728 5.944 0.22
Far Range 4.734 4.946 0.21
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Chapter 8

Conclusion and Outlook

8.1 Conclusions

The power level plan, as presented in this work, represents the most
important step of the design process of the system back-end. This procedure
allowed us to considerer all the requirements given by the entire radar system
and estimates in an exceptionally accurate way all the parameters and
characteristic of the transmission and reception path that had to be fulfilled
by the components that constitute the system back-end. The power level plan
also facilitated the hard task of searching for suitable components, by
highlighting just the important parameters that had to be considered, so the
system requirements will be satisfied.

Based in the results obtained from the transmitter prototype,
presented in section 7.2, it was possible to show that a demonstrator of the
transmitter is feasible to build using COTS components. This demonstrator
generated enough signal power to feed the front-end system, saturating all the
T /R-modules involved in the antenna array, regardless of the square root
tapering produced by the feeding network. This demonstrator was designed
and tested under the conditions that the RF source generates the sinusoidal 3
GHz signal with a power level of 0 dBm. However, as a result of the
implementation of COTS components, the transmitter model presented in this
thesis provides certain flexibility on what the RF signal power level that can
be generated concerns (Table 4.3.1).In other words, a range of power signal
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levels to choose from is available, that satisfy the system front-end power
requirements for the correct functioning of the radar system. This range could
be larger if the signal power level generated by the RF source was not at the
same time the signal used as the local oscillator signal for the down-
conversion (I1&Q demodulator).

On the other hand, concerning the receiver prototype, it was shown by
the previous results presented that, as in the case of the transmitter, the
construction of a valid COTS-based demonstrator was achievable, providing
the necessary gain to exploit as much as possible the linear dynamic range of
the most critical receiver component, the analog-to-digital converter. This is
due to the incorporation of a digital attenuator on the reception path, which
allows to fix the reception gain for the different requirements demanded for
the radar system.

Unfortunately in this case the construction of the entire receiver
demonstrator could not be completely COTS-based due to the active
differential input/single-ended output low pass filter required and a specific
design was generated. Regarding this filter, it is possible to conclude that the
Butterworth approximation used for the active filter design is an optimum
tool that allows to generate optimum filters whose behavior approximates the
characteristics of the ideal filter. The higher is the order of the filter; the
better is the resemblance between the designed and the ideal filter. However,
there exists a trade-off between the filter's order, the filter construction
complexity and the delay produced by the filter. The higher the order of the
filter required, the higher the number of operational amplifiers for its
construction and a larger delay will be presented at its output with respect to
its input. For the particular case of this system back-end, the use of a fifth
order Butterworth low pass filter gave a reasonable approximation of the
ideal filter, not requiring a higher order filter. As the delay produced by the
implementation of this filter is the same for all the received pulses, it use does
not affect the global radar system operation.

The system back-end, as mentioned before, has no restriction on its
dimension. It is obvious that the transmitter and receiver prototype here
constructed could be categorized as non practical as due to their large
dimensions. However, it has to be kept in mind that all the components used
for the receiver and the transmitter (except for the ADC) were used with
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their respective evaluation boards, which means that the final transceiver that
will be manufactured will exhibit dimension considerably reduced with respect
to this prototype as all the components can be assembled together on just one
printed circuit board. This fact will reduce also the losses due to connectors,
cables and adaptors which were required for the prototype construction.

For the noise figure measurement procedure it is important to remark
how the incorporation of isolators or attenuators in the measurement set-up
helps making the measurements more accurate. Using the original Y-factor
method to measure noise figure, without the set-up modification presented in
this work, will provide valid noise figure results but with a bigger uncertainty
than the ones obtained along this thesis.

About the binary phased pulse compression sequences, it is possible to
conclude that for code lengths larger than 40 it is recommended to use
different approaches to develop the search algorithms for these codes, as the
exhaustive search is no longer recommended due to the required huge
computation times. The evolutionary algorithm approach used in this thesis
gives to the programmer the opportunity to obtain near optimum results
without investing too much time. However, depending of the computation
time restrictions and the specific purpose of the searched codes, it seems that
some improvements can be done to this algorithm in order to obtain better
results and to find a larger collection of sequences. For the goal of this thesis
the results obtain are considered adequate.

Most of the analysis involved in the generation of the binary phased
sequences required by pulse compression technique, is shown in Chapter 6.
Nevertheless, it is important to comment that in the case of the cross-
correlation analysis it must be remembered that the maximum possible cross-
correlation isolation was searched so the minimum interference between codes
is produced. In the case of the 32 length optimum sequences found in section
6.2 the minimum possible cross-correlation level between these codes was
equal to 7. Therefore these codes have a minimum PSR of -13.2 dB. On the
other hand, the near optimum 80 length codes found exhibit a minimum
cross-correlation level of 13 which means a PSR of -15.78 dB. Due to the
properties of the 80 length codes, these provide higher cross-correlation
isolation in comparison with the 32 length codes. However, as 80 length
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sequences with lower maximum autocorrelation sidelobe level are possible to
find, higher cross-correlation isolation may be possible to get.

8.2 Future Improvements and Work Involving the System
Back-End

Several improvements and tests can be carry out as the system back-
end design and prototype construction are not yet finished due to time
limitations of the work involved in this master thesis.

First of all, the manufacturing and measurement of the designed active
differential input/single-ended output low pass filter must be done. Depending
on the measurement results of this filter some improvements in the design
may be required.

Second of all, involving the I&Q demodulator a particular analysis
must be performed in order to continue with the development of the system
back-end. As the balun available for the base-band ports on the evaluation
board will be take off and substituted by the designed active differential
input/single-end output low pass filter, the DC-offset at the differential
outputs of the 1&Q demodulator must be measured and evaluated to consider
if these DC levels will represent a problem to the filter. If this is the case,
some improvement or a complete re-design must be performed for the low
pass filter.

The complete back-end reception path (from the T/R switch until the
ADC) must be then assembled and tested, verifying that the linear dynamic
range of the prototype approaches in an acceptable way the theoretical one
given by the PLP. In addition the down-conversion, and the low pass filtering
must be checked so they maintain the signal to noise ratio available at the
[&Q demodulator input.

In the transmitter case the use of two switches (T/R and Shape
switches), that turn off the signal generated by the RF source (while the
system works in reception mode) have been included in the transmission path.
The sum of isolation given for these two switches may not be enough to avoid
interference provoked by the RF source during reception. Common radar
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systems use magic-Ts, adding more losses and the isolation still could not be
enough. If this is the case, one simple solution that can be included in the
system back-end is to turn off one or both of the amplifiers placed along the
transmission path. In this way the signal power level that cannot be
attenuated by the parameters of the COTS components, at least will not be
amplified.

During the conception of the RASKEL project design, several
assumptions have been made in order to make the design process easier.
Between those there is one assumption in particular that is necessary to take
into account for the back-end system, due to the fact that it generates
considerable losses. For the analysis of the system has always been considered
that the amplitude of the pulses (of the same pulse train) coming from one
particular target is always the same and that the sampled (at 10MHz) output
signal of these pulses is consistently the peak value. In practice this is not
strictly true, hence it is produced a degradation of the SNR known as
straddling losses. In future improvements of the system back-end these
particular types of losses (which were neglected for the purpose of this thesis)
should be considered. It could be possible to compensate the straddling losses
by adding more gain to the reception path. However, sampling the signals to
a higher rate could be other possible way to compensate these losses as some
averaging or amplitude selection can be made with the extra samples.

Regarding the binary phased codes, some improvements can be made
to the evolutionary algorithm in order to find a larger collection of 80 length
pulse compression sequences. Once all the 32 and 80 length sequences are
definitely chosen, an FPGA with all of them must produce the BPSK
modulation in the transmitter prototype.

The entire receiver must be re-analyzed and improved taking into
account the third-order interception point (IP3 or TOI) which for the matters
of this thesis has not been considered. This analysis it is important for further
improvement of the system as it considers the interferences due to
intermodulation distortion (IMD).

It is significant to mention that Fraunhofer FHR, based on the results
and the analysis presented in this thesis, will execute the first practical tests
of the novel system back-end demonstrator during the summer of 2011. For
the matter of these tests the power level plan will be slightly modified as the
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system front-end will be replaced by a rotating antenna. This experiment has
the aim of verifying the correct transmission and reception of all the different
pulse shapes involved in this system, and the correct detection of some sample

targets.
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Surface Mount

Monolithic Amplifier  bc-7 GH:z

Features

* Miniature SOT-89 Package

* Frequency range, DC to 7 GHz
¢ Internally Matched to 50 Ohms
* Output power, 10.5 dBm typ.

* Excellent package for heat dissipation, exposed metal bottom =
e Aqueous washa%le Gallm39+
* Protected by US Patent 6,943,629 CASE STYLE: DF782

PRICE: $1.19 ea. QTY. (30)
Applications + RoHS compliant in accordance
e Cellular with EU Directive (2002/95/EC)
i PCS The +Suffix has been added in order to identify RoHS
« Communication receivers & transmitters e oo 10118 Comptance

General Description

Gali39+ (RoHS compliant) is a wideband amplifier offering high dynamic range. Lead finish is SnAgNi. It
has repeatable performance from lot to lot, and is enclosed in a SOT-89 package. It uses patented Tran-
sient Protected Darlington configuration and is fabricated using InGaP HBT technology. Expected MTBF is
4,000 years at 85°C case temperature. Galiz39+ is designed to be rugged for ESD and supply switch-on
transients.

simplified schematic and pin description
RF-OUT and DC-IN {13 RF-OUT&DCAIN

RF IN 4 ig:l 2 GROUND
11 RFIN

GROUND

Function Pin Number Description

RE IN 1 RF input pin. This pin requires the use of an external DC blocking capacitor chosen
for the frequency of operation.
RF output and bias pin. DC voltage is present on this pin; therefore a DC blocking

RF-OUT and DC-IN 3 cgpacnor is necessary for proper operatlon. An BF choke is ne'ed“ed to feed DC bias

without loss of RF signal due to the bias connection, as shown in “Recommended
Application Circuit”.
Connections to ground. Use via holes as shown in “Suggested Layout for PCB

GND 2,4 ‘o ;
Design” to reduce ground path inductance for best performance.

- - - - ® .
For detailed performance specs
m M I n I - c I rc u Its & shopping online see web site REV. H
1SO 9001 ISO 14001 AS 9100 CERTIFIED o M120653
P.O. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718) 332-4661 The Design Engineers Search Engine i&,‘_‘.’lz Provides ACTUAL Data Instantly at minicigits.csm D60-1117.DOC

Q0201032
IF/IRF MICROWAVE COMPONENTS

GALI-39+
Notes: 1. Performance and quality attributes and conditions not expressly stated in this specification sheet are intended to be excluded and do not form a part of this specification sheet. 2. Electrical specifications  RS/TD/CP
and performance data contained herein are based on Mini-Circuit’s applicable established test performance criteria and measurement instructions. 3. The parts covered by this specification sheet are subject to 100830
Mini-Circuits standard limited warranty and terms and conditions (collectively, “Standard Terms”); Purchasers of this part are entitled to the rights and benefits contained therein. For a full statement of the Standard ~ Page 1 of 4
Terms and the exclusive rights and remedies thereunder, please visit Mini-Circuits’ website at www.minicircuits.com/MCLStore/terms.jsp.



Monolithic InGaP HBT MMIC Amplifier Galira39+

Electrical Specifications at 25°C and 35mA, unless noted

Parameter Min. Typ. Max. Units
Frequency Range* DC 7 GHz
Gain f=0.1 GHz 20.8 dB
f=1 GHz 21.1
f=2 GHz 17.7 19.7
f=8 GHz 17.7
f=4 GHz 17.0
f=5 GHz 16.1
f=7 GHz 17.6
f=10 GHz 9.8
Input Return Loss f= DC to 3 GHz 125 dB
f=3831t0 7 GHz 11
Output Return Loss f= DC to 3 GHz 14 dB
f=31t0 7 GHz 8.0
Output Power @ 1 dB compression f=7 GHz 9.0 10.5 dBm
Output IP3 f=2 GHz 22.9 dBm
Noise Figure f=2 GHz 2.4 dB
Recommended Device Operating Current 35 mA
Device Operating Voltage 3.1 3.5 3.9 \%
Device Voltage Variation vs. Temperature at 35 mA -2.5 mV/°C
Device Voltage Variation vs. Current at 25°C 2.9 mV/mA
Thermal Resistance, junction-to-case' 350 °C/W

*Guaranteed specification DC-7 GHz. Low frequency cut off determined by external coupling capacitors.

Absolute Maximum Ratings

Parameter Ratings
Operating Temperature* -45°C to 85°C
Storage Temperature -65°C to 150°C
Operating Current 55mA
Input Power 13dBm

Note: Permanent damage may occur if any of these limits are exceeded.
These ratings are not intended for continuous normal operation.

'Case is defined as ground leads.

*Based on typical case temperature rise 2°C above ambient.

- - - - ® .
For detailed performance specs
m M I n I - c I rc u Its & shopping online see web site
1SO 9001 ISO 14001 AS 9100 CERTIFIED —
P.O. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718) 332-4661 The Design Engineers Search Engine 242 Provides ACTUAL Data Instantly at minicigits.@m,

IF/IRF MICROWAVE COMPONENTS

Notes: 1. Performance and quality attributes and conditions not expressly stated in this specification sheet are intended to be excluded and do not form a part of this specification sheet. 2. Electrical specifications

and performance data contained herein are based on Mini-Circuit’s applicable established test performance criteria and measurement instructions. 3. The parts covered by this specification sheet are subject to

Mini-Circuits standard limited warranty and terms and conditions (collectively, “Standard Terms”); Purchasers of this part are entitied to the rights and benefits contained therein. For a full statement of the Standard ~ Page 2 of 4
Terms and the exclusive rights and remedies thereunder, please visit Mini-Circuits’ website at www.minicircuits.com/MCLStore/terms.jsp.



Monolithic InGaP HBT MMIC Amplifier Galirz339+

Product Marking

39

1IN

Additional Detailed Technical Information

Additional information is available on our web site. To access this information enter the model number on
our web site home page.

Performance data, graphs, s-parameter data set (.zip file)
Case Style: DF782

Plastic package, exposed paddle, lead finish: tin/silver/nickel

Tape & Reel: F55

Suggested Layout for PCB Design: PL-019

Evaluation Board: TB-409-39+

Environmental Ratings: ENV08T2

Recommended Application Circuit R BIAS
Rbias (Req”irsd) Vce “1%” Res. Values (ohms)
< for Optimum Biasing
Cbypass
7 107
Chlock RFC (Optional) g 122
IN O—| v ouT 10 191
Cblock 11 224
12 249
= 13 280
Test Board includes case, connectors, and components (in bold) soldered to PCB 14 309
15 340
16 365
17 392
18 422
19 453
20 475

- - - - ® .
For detailed performance specs
m M I n I - c I rc u Its & shopping online see web site
1SO 9001 ISO 14001 AS 9100 CERTIFIED o
P.O. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718) 332-4661 The Design Engineers Search Engine i&,‘_‘.’lz Provides ACTUAL Data Instantly at minicigils.csm

IF/IRF MICROWAVE COMPONENTS

Notes: 1. Performance and quality attributes and conditions not expressly stated in this specification sheet are intended to be excluded and do not form a part of this specification sheet. 2. Electrical specifications

and performance data contained herein are based on Mini-Circuit’s applicable established test performance criteria and measurement instructions. 3. The parts covered by this specification sheet are subject to

Mini-Circuits standard limited warranty and terms and conditions (collectively, “Standard Terms”); Purchasers of this part are entitied to the rights and benefits contained therein. For a full statement of the Standard ~ Page 3 of 4
Terms and the exclusive rights and remedies thereunder, please visit Mini-Circuits’ website at www.minicircuits.com/MCLStore/terms.jsp.



Monolithic InGaP HBT MMIC Amplifier Galitz339+

ESD Rating
Human Body Model (HBM): Class 1A (250V to < 500V) in accordance with ANSI/ESD STM 5.1 - 2001

Machine Model (MM): Class M1 (< 100V) in accordance with ANSI/ESD STM 5.2 - 1999

MSL Rating
Moisture Sensitivity: MSL1 in accordance with IPC/JEDECJ-STD-020C

No. | Test Required Condition Standard Quantity

Low Power Microscope MIP-IN-0003

1 Visual Inspection Magnification 40x (MCT spec) 45 units
2 Electrical Test Room Temperature SCD 45 units
(MCL spec)
O, i -, =
3 |SAM Analysis Less than 10% growth in term of J-Std-020C 45 units

delamination (Jedec Standard)

Bake at 125°C for 24 hours

Moisture Sensitivity J-Std-020C

4 Level 1 Soak at 85°C/85%RH for 168 hours (Jedec Standard) 45 units
Reflow 3 cycles at 260°C peak
MSL Test Flow Chart
| Visua] > Electrical Test > SAM Analysis
nspection
Reflow 3 cycles, < 85°§37g§RH < Bake at 125°C,
260°C 24 hours
168 hours
| Ve > Electrical Test > SAM Analysis
nspection

- - - - ® .
For detailed performance specs
m M I n I - c I rc u Its & shopping online see web site
1SO 9001 ISO 14001 AS 9100 CERTIFIED o
P.O. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718) 332-4661 The Design Engineers Search Engine é‘)_'.’lé Provides ACTUAL Data Instantly at minicigils.cgm

IF/IRF MICROWAVE COMPONENTS

Notes: 1. Performance and quality attributes and conditions not expressly stated in this specification sheet are intended to be excluded and do not form a part of this specification sheet. 2. Electrical specifications

and performance data contained herein are based on Mini-Circuit’s applicable established test performance criteria and measurement instructions. 3. The parts covered by this specification sheet are subject to

Mini-Circuits standard limited warranty and terms and conditions (collectively, “Standard Terms”); Purchasers of this part are entitied to the rights and benefits contained therein. For a full statement of the Standard ~ Page 4 of 4
Terms and the exclusive rights and remedies thereunder, please visit Mini-Circuits’ website at www.minicircuits.com/MCLStore/terms.jsp.



Limiter RLM-33+
502 Broadband 30 to 3000 MHz

~

>

/

The Big Deal

* Wide Frequency range 30 to 3000 MHz

* Excellent limiting beyond +12 dBm input power
*Very quick recovery time, 10 nsec

* Low insertion loss, 0.23 dB

By

CASE STYLE:TT1224

Product Overview

The RLM-33+ is packaged in a miniature size (0.25 X 0.3 in.) and protects against ESD and input power
surges over a frequency range 30 to 3000 MHz. Construction is on a micro strip low loss dielectric material
and cased into Mini-Circuits high volume, low cost “R” package for cost efficiencies.

The RLM-33+ limiter provides excellent protection of low noise amplifiers in hostile environments where
unwanted signals prevail such as in manufacturing sites, train tunnels, etc.

Key Features

Feature Advantages
Limiting abilities from +12 to +30 dBm Protects against strong undesired signals and prevents burn out of amplifiers
Frequency coverage 30 to 3000 MHz Protects against many different types of unwanted signals including ESD
Surface mount package, miniature size Allows convenient placement in amplifiers incorporating this protective device

Provides minimal degradation to amplifier performance, especially for low noise

Low insertion loss and VSWR o ; S
amplifiers where input loss is critical

Low Cost A practical solution to incorporate into amplifier design with a minimal affect on cost

- - - - ® y
CJMini-Circuits

1SO 9001 ISO 14001 AS 9100 CERTIFIED

P.O. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718) 332-4661 The Design Engineers Search Engine @2@ Provides ACTUAL Data Instantly at miniciﬁliis.ggn

IF/RF MICROWAVE COMPONENTS

Notes: 1. Performance and quality attributes and conditions not expressly stated in this specification sheet are intended to be excluded and do not form a part of this specification sheet. 2. Electrical specifications
and performance data contained herein are based on Mini-Circuit’s applicable established test performance criteria and measurement instructions. 3. The parts covered by this specification sheet are subject to
Mini-Circuits standard limited warranty and terms and conditions (collectively, “Standard Terms”); Purchasers of this part are entitled to the rights and benefits contained therein. For a full statement of the Standard
Terms and the exclusive rights and remedies thereunder, please visit Mini-Circuits” website at www.minicircuits.com/MCLStore/terms.jsp.
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Surface Mount

Limiter

502 Broadband

Maximum Ratings

Operating Temperature -40°C to 85°C
Storage Temperature -55°C to 100°C
RF Input Power 2W

Permanent damage may occur if any of these limits are exceeded.

Pin Connections

INPUT 1
OUTPUT 4
GROUND 2,3,5,6

Features

30 to 3000 MHz

¢ wideband, 30 to 3000 MHz
* low insertion loss 0.23 dB typ.
« fast recovery time, 10nsec typ.
* excellent VSWR 1.05:1 typ.

* low leakage power, 11.5 dBm typ.

Applications

* military, hi-rel applications

* stabilizing generator outputs

* reducing amplitude variations

* protects low noise amplifiers and other
devices from ESD or input power damage

CASE STYLE: TT1224
PRICE: $9.95 ea. QTY (10-49)

+ RoHS compliant in accordance

with EU Directive (2002/95/EC)

The +Suffix has been added in order to identify RoHS
Compliance. See our web site for RoHS Compliance
methodologies and qualifications.

Electrical Specifications

Outline Drawing Parameter Condition Min Typ. Max. Units
Frequency Range 30 3000 MHz
Insertion Loss in Linear Range <+5 dBm Input — 0.23 0.7 dB
TOP VIEW SIDE_VIEW
N c VSWR <+5 dBm Input — 1.05 1.5 1
T2 s T MAX T* Input Power Range Output Power Limited +12 — +30 dBm
Y W\ PCB Land Pattern ——
— Output Power In limiting range — +11.5 — dBm
A 3 1 watt pulse 50 usec pw 1kHz duty cycle recovery _ o
» K TYPJ T*r | feco=iline to within 90% of final value. i nsee
v
woex—/ ¢ %4 % % % H TYP ‘ Response Time -30 to +30 dBm input 50 usec, BW 1 kHz duty cycle — 2 — nsec
BOTTOM VIEW
o TYP Input Power Range (dBm) ’
— 12t0 20 0.2 dB/dB
FTYP—= G TYP — —
T L‘ % % % Limiting A Output/1dB A Input 2010 25 02
Y ™LETP | q 25 to 30 0.2
P .
\ 4{ Suggested Layout, Typlcal Performance Data
Tolerance to be within +.002
N TYP —w TvP Freq. l. Loss VSWR Power Output A Output
(MHz)  inLinear in Linear (dBm) 1dB A Input
Range Range  .12dBm +20dBm +25dBm +30dBm  +12t0+20dBm +20t0+25dBm  +25t0+30 dBm
(dB) (: Input Input Input Input Input Input Input
H H H inch 30.00 0.08 1.23 9.81 11.21 11.80 12.41 0.18 0.12 0.12
Outline Dimensions (i 50.00 0.06 113 972 1002 1145 1153 0.15 0.11 0.02
A B c D E F G H 70.00 0.06 1.09 9.66 10.82 11.28 11.54 0.15 0.09 0.05
90.00 0.06 1.07 9.75 10.90 11.29 11.98 0.14 0.08 0.14
25 31 .16 .100 .040 .055 .060  .065 100.00 0.06 1.06 9.78 10.86 11.26 12.01 0.14 0.08 0.15
787 4 254 102 1.40 152 1 1000.00 0.22 1.05 8.36 9.48 12.01 13.78 0.14 0.51 0.35
6.8 8 o 25 0 0 ° 6 1200.00 0.23 1.06 8.00 9.52 12.66 13.22 0.19 0.63 0.11
J K L M N P Q wt. 1600.00 0.29 1.07 7.31 10.59 12.37 11.29 0.41 0.36 -0.22
2000.00 0.32 1.07 6.62 11.44 9.71 10.77 0.60 -0.35 0.21
300 060 160 .025 100 .110 070 grams 2200.00 0.34 1.08 648 1073 892 1137 053 -0.36 0.49
762 152 406 064 254 279 178 016 2400.00 0.39 1.1 6.66 9.78 8.08 11.49 0.39 -0.34 0.68
2600.00 0.40 1.12 7.16 8.65 7.30 11.64 0.19 -0.27 0.87
2800.00 0.41 1.13 7.57 7.25 6.87 11.76 -0.04 -0.08 0.98
3000.00 0.43 1.13 7.51 5.62 6.94 12.05 -0.24 0.26 1.02
RLM-33+ RLM-33+ RLM-33+
RECOVERY TIME POWER OUTPUT vs. POWER INPUT POWER OUTPUT vs. FREQUENCY
15 16
S 909 E 10 — T
Demo Board MCL P/N: TB-393 £ T T s A g -
Q
Suggested PCB Layout (PL-258) £ I £, g .
2 <
z 2 5 o Q6 —Power Input=+12 dBm —T
.066 TRACE WIDTH, 3 PL. o w . u — Power Input=+20 dB
(SEE NOTE BELOW) -037, 2 PL. S 100 2 10 at 1600 MHZ‘ 547-- ple:ﬁﬁﬁzqsdsﬁ
.030, TYP g ~ 4 —+—at 3000 MHz 5,1 =
PACKAGE g \ | @ — High Power Signal _| 45 \—y—‘ Pc“ﬂer lnqu‘fSO dBm
OUTUNE\: o e "o 2 o 5 w0 om0 20 250 00
L <15 10 0+ +|o »15 +20 POWER INPUT (dBm)
1060, 2 PL. ,k}: %jj L 020 f TIME (nsec) FREQUENCY (MHz)
] I W £ | 2P
: ! ~2X .065 RLM-33+ RLM-33+ RLM-33+
! DELTA OUTPUT/DELTA 1dB INPUT INPUT VSWR IN LINEAR RANGE OUTPUT VSWR IN LINEAR RANGE
/I | l 12 1.25 1.25
17X 8.020 PTH _ —12t020dBm
FOR GROUND — | | I g 07~ 20t02508m | ad 1.20 1.20
ET}F ™ ] | L.ozo g 087 --25t030d8m | : :
PIN 6 | s 2 PL £ 06 ~ NN o 115 o 115
2 o4 PEac o S H ‘ L— H ‘
4X .05 3 g'z NG J 210 2110
TN C
o 02 N - 1.05 1.05
NOTES: 1. TRACE WIDTH IS SHOWN FOR ROGERS R0O4350B WITH DIELECTRIC & -04 ===
THICKNESS .030” & .002”"; COPPER: 1/2 OZ. EACH SIDE. 06 1.00 1.00
) 58$T gJHEFDEM%TrERTIﬁES PTC'EA%E g’(')%*l‘mm] S N(EIESUL% EEAMSD'F‘ED 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
= (DENOTES PCB COPPER LAYOUT wm—){ SMOBC FREQUENCY (MHz) FREQUENCY (MHz) FREQUENCY (MHz)
SOLDER MASK OVER BARE COPPER
[C__] DENOTES COPPER LAND PATTERN FREE OF SOLDER MASK
For detailed performance specs
m M I n I - c I rc u Its & shopping online see web site
1SO 9001 ISO 14001 AS 9100 CERTIFIED REV.B
P.O. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718) 332-4661 The Design Engineers Search Engine @4[2 Provides ACTUAL Data Instantly at mlnlmﬁlﬂs .com- glaogge
IF/RF MICROWAVE COMPONENTS £D.13618
Notes: 1. Performance and quality attributes and conditions not expressly stated in this specification sheet are intended to be excluded and do not form a part of this specification sheet. 2. Electrical specifications DJ/CP/AM
and performance data contained herein are based on Mini-Circuit's applicable established test performance criteria and measurement instructions. 3. The parts covered by this specification sheet are subject to 110208
Mini-Circuits standard limited warranty and terms and conditions (collectively, “Standard Terms”); Purchasers of this part are entitled to the rights and benefits contained therein. For a full statement of the Standard Page 2
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Ceramic

Bandpass Filter BFCN-3010+

50Q 2920 to 3100 MHz . j)
Maximum Ratings Features - ’ g
Operating Temperature -55°C to 100°C g;‘ﬁl \S/EZVR' 1.6:1 typ @ passband CASE STYLE: FV1206
Storage Temperature -55°C to 100°C - Temperature stable PRICE: $3.95 ea. QTY (10-49)
RF Power Input* 1.5W at 25°C .ALTCIQ Cotr]StrUCt'O” + RoHS compliant in accordance
*Passband rating, derate linearly to 0.25W at 100°C ambient pplications : : ;
Permanent damage may occur if any of these limits are exceeded. « Harmonic rejection Wlth EU DIreCt/Ve (2002/95/EC)
H : « Transmitters / receivers The +Suffix has been added in order to identify RoHS
Pin Connec“ons - Wireless transceiver Compliance. See our web site for RoHS Compliance
RF IN 1 . Point-to-point communications methodologies and qualifications.
RF OUT 3 - Radio location - ex f
Electrical Specifications at 25°C
GROUND 2,4
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ANALOG
DEVICES

400 MHz to 6 GHz
Quadrature Demodulator

ADL5380

FEATURES

Operating RF and LO frequency: 400 MHz to 6 GHz
Input IP3
30dBm @ 900 MHz
28 dBm @1900 MHz
Input IP2: >65 dBm @ 900 MHz
Input P1dB (IP1dB): 11.6 dBm @ 900 MHz
Noise figure (NF)
10.9 dB @ 900 MHz
11.7 dB @ 1900 MHz
Voltage conversion gain: ~7 dB
Quadrature demodulation accuracy @ 900 MHz
Phase accuracy: ~0.2°
Amplitude balance: ~0.07 dB
Demodulation bandwidth: ~390 MHz
Baseband 1/Q drive: 2V p-p into 200 Q
Single 5V supply

APPLICATIONS

Cellular W-CDMA/GSM/LTE
Microwave point-to-(multi)point radios
Broadband wireless and WiMAX

GENERAL DESCRIPTION

The ADL5380 is a broadband quadrature I-Q demodulator that
covers an RF/IF input frequency range from 400 MHz to 6 GHz.
With a NF = 10.9 dB, IP1dB = 11.6 dBm, and IIP3 = 29.7 dBm @
900 MHz, the ADL5380 demodulator offers outstanding dynamic
range suitable for the demanding infrastructure direct-conversion
requirements. The differential RF inputs provide a well-behaved
broadband input impedance of 50 Q and are best driven from a
1:1 balun for optimum performance.

Excellent demodulation accuracy is achieved with amplitude
and phase balances of ~0.07 dB and ~0.2°, respectively. The
demodulated in-phase (I) and quadrature (Q) differential outputs
are fully buffered and provide a voltage conversion gain of ~7 dB.
The buffered baseband outputs are capable of drivinga 2 V p-p
differential signal into 200 Q.

Rev.0

Information furnished by Analog Devices is believed to be accurate and reliable. However, no
responsibility is assumed by Analog Devices for its use, nor for any infringements of patents or other
rights of third parties that may result fromits use. Specifications subject to change without notice. No
license is granted by implication or otherwise under any patent or patent rights of Analog Devices.
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FUNCTIONAL BLOCK DIAGRAM

ENBL ADJ
ADL5380 HI
BIAS
1 I
)ILO
JLOIP
RFIN ||
— QUADRATURE
val | PHASE SPLITTER
RFIP =
LOIN
QHI
1 )]
aLo

Figure 1.

The fully balanced design minimizes effects from second-order
distortion. The leakage from the LO port to the RF port is
<—50 dBm. Differential dc offsets at the I and Q outputs are
typically <20 mV. Both of these factors contribute to the
excellent IIP2 specification, which is >65 dBm.

The ADL5380 operates off a single 4.75 V to 5.25 V supply. The
supply current is adjustable by placing an external resistor from
the AD]J pin to either the positive supply, Vs, (to increase supply
current and improve ITP3) or to ground (which decreases supply
current at the expense of IIP3).

The ADL5380 is fabricated using the Analog Devices, Inc.,
advanced silicon-germanium bipolar process and is available
in a 24-lead exposed paddle LFCSP.

One Technology Way, P.O. Box 9106, Norwood, MA 02062-9106, U.S.A.
Tel: 781.329.4700 www.analog.com
Fax:781.461.3113 ©2009 Analog Devices, Inc. All rights reserved.
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ADL5380

SPECIFICATIONS

Vs =5V, Ta=25°C, fio = 900 MHz, fir = 4.5 MHz, Pio = 0 dBm, Zo = 50 Q, unless otherwise noted. Baseband outputs differentially
loaded with 450 Q. Loss of the balun used to drive the RF port was de-embedded from these measurements.

Table 1.
Parameter Condition Min Typ Max | Unit
OPERATING CONDITIONS
LO and RF Frequency Range 0.4 6 GHz
LO INPUT LOIP, LOIN
Input Return Loss LO driven differentially through a balun at 900 MHz -10 dB
LO Input Level -6 0 +6 dBm
I/Q BASEBAND OUTPUTS QHI, QLO, IHI, ILO
Voltage Conversion Gain 450 Q differential load on | and Q outputs at 900 MHz 6.9 dB
200 Q differential load on | and Q outputs at 900 MHz 59 dB
Demodulation Bandwidth 1V p-p signal, 3 dB bandwidth 390 MHz
Quadrature Phase Error At 900 MHz 0.2 Degrees
1/Q Amplitude Imbalance 0.07 dB
Output DC Offset (Differential) 0 dBm LO input at 900 MHz +10 mV
Output Common Mode Dependent on ADJ pin setting
Vaps ~ 4V (set by 1.5 kQ from ADJ pin to Vs) Vs—2.5 Vv
Vaps ~ 4.8 V (set by 200 Q from ADJ pin to Vs) Vs—2.8 \%
Vaps ~ 2.4V (ADJ pin open) Vs—1.2 \"
0.1 dB Gain Flatness 37 MHz
Output Swing Differential 200 Q load 2 Vp-p
Peak Output Current Each pin 12 mA
POWER SUPPLIES Vs =VCC1,VCC2,VCC3
Voltage 4.75 525 |V
Current 1.5 kQ from ADJ pin to Vs; ENBL pin low 245 mA
1.5 kQ from ADJ pin to Vs; ENBL pin high 145 mA
ENABLE FUNCTION Pin ENBL
Off Isolation -70 dB
Turn-On Settling Time ENBL high to low 45 ns
Turn-Off Settling Time ENBL low to high 950 ns
ENBL High Level (Logic 1) 25 \'
ENBL Low Level (Logic 0) 1.7 Y
DYNAMIC PERFORMANCE at RF = 900 MHz Vaps ~ 4V (set by 1.5 kQ from ADJ pin to Vs)
Conversion Gain 6.9 dB
Input P1dB 11.6 dBm
RF Input Return Loss RFIP, RFIN driven differentially through a balun -19 dB
Second-Order Input Intercept (IIP2) —5 dBm each input tone 68 dBm
Third-Order Input Intercept (IIP3) —5 dBm each input tone 29.7 dBm
LO to RF RFIN, RFIP terminated in 50 Q -52 dBm
RF to LO LOIN, LOIP terminated in 50 Q —67 dBc
1Q Magnitude Imbalance 0.07 dB
1Q Phase Imbalance 0.2 Degrees
Noise Figure 10.9 dB
Noise Figure Under Blocking Conditions With a —5 dBm input interferer 5 MHz away 13.1 dB
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ADL5380

Parameter Condition Min Typ Max | Unit
DYNAMIC PERFORMANCE at RF = 1900 MHz Vaps ~ 4V (set by 1.5 kQ from ADJ pin to Vs)
Conversion Gain 6.8 dB
Input P1dB 11.6 dBm
RF Input Return Loss RFIP, RFIN driven differentially through a balun -13 dB
Second-Order Input Intercept (IIP2) —5 dBm each input tone 61 dBm
Third-Order Input Intercept (IIP3) —5 dBm each input tone 27.8 dBm
LO to RF RFIN, RFIP terminated in 50 Q -49 dBm
RF to LO LOIN, LOIP terminated in 50 Q -77 dBc
1Q Magnitude Imbalance 0.07 dB
1Q Phase Imbalance 0.25 Degrees
Noise Figure 11.7 dB
Noise Figure Under Blocking Conditions With a —5 dBm input interferer 5 MHz away 14 dB
DYNAMIC PERFORMANCE at RF =2700 MHz | Vaps ~ 4V (set by 1.5 kQ from ADJ pin to Vs)
Conversion Gain 74 dB
Input P1dB 1 dBm
RF Input Return Loss RFIP, RFIN driven differentially through a balun -10 dB
Second-Order Input Intercept (IIP2) —5 dBm each input tone 54 dBm
Third-Order Input Intercept (IIP3) —5 dBm each input tone 28 dBm
LO to RF RFIN, RFIP terminated in 50 Q -49 dBm
RF to LO LOIN, LOIP terminated in 50 Q -73 dBc
1Q Magnitude Imbalance 0.07 dB
1Q Phase Imbalance 0.5 Degrees
Noise Figure 123 dB
DYNAMIC PERFORMANCE at RF = 3600 MHz | Vap; ~ 4.8V (set by200 Q from ADJ pin to Vs)
Conversion Gain 6.3 dB
Input P1dB 9.6 dBm
RF Input Return Loss RFIP, RFIN driven differentially through a balun -11 dB
Second-Order Input Intercept (IIP2) —5 dBm each input tone 48 dBm
Third-Order Input Intercept (IIP3) —5 dBm each input tone 21 dBm
LO to RF RFIN, RFIP terminated in 50 Q —46 dBm
RF to LO LOIN, LOIP terminated in 50 Q -72 dBc
1Q Magnitude Imbalance 0.14 dB
1Q Phase Imbalance 1.1 Degrees
Noise Figure 14.2 dB
Noise Figure Under Blocking Conditions With a —5 dBm input interferer 5 MHz away 16.2 dB
DYNAMIC PERFORMANCE at RF = 5800 MHz Vaps ~ 2.4V (ADJ pin left open)
Conversion Gain 58 dB
Input P1dB 8.2 dBm
RF Input Return Loss RFIP, RFIN driven differentially through a balun -7.5 dB
Second-Order Input Intercept (IIP2) —5 dBm each input tone 44 dBm
Third-Order Input Intercept (IIP3) —5 dBm each input tone 20.6 dBm
LO to RF RFIN, RFIP terminated in 50 Q —47 dBm
RF to LO LOIN, LOIP terminated in 50 Q -62 dBc
1Q Magnitude Imbalance 0.07 dB
1Q Phase Imbalance -1.25 Degrees
Noise Figure 15.5 dB
Noise Figure Under Blocking Conditions With a —5 dBm input interferer 5 MHz away 18.9 dB
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ADL5380

ABSOLUTE MAXIMUM RATINGS

Table 2.
Parameter Rating
Supply Voltage: VCC1, VCC2,VCC3 5.5V

LO Input Power

RF Input Power

Internal Maximum Power Dissipation
0a’

Maximum Junction Temperature
Operating Temperature Range
Storage Temperature Range

13 dBm (re: 50 Q)
15 dBm (re: 50 Q)
1370 mW
53°C/W

150°C

—40°C to +85°C
—65°C to +125°C

" Per JDEC standard JESD 51-2. For information on optimizing thermal
impedance, see the Thermal Grounding and Evaluation Board Layout

section.

Stresses above those listed under Absolute Maximum Ratings
may cause permanent damage to the device. This is a stress
rating only; functional operation of the device at these or any
other conditions above those indicated in the operational
section of this specification is not implied. Exposure to absolute
maximum rating conditions for extended periods may affect
device reliability.

ESD CAUTION
ESD (electrostatic discharge) sensitive device.
Charged devices and circuit boards can discharge
‘ without detection. Although this product features

patented or proprietary protection circuitry, damage

‘!% I\ may occur on devices subjected to high energy ESD.

Therefore, proper ESD precautions should be taken to
avoid performance degradation or loss of functionality.
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ADL5380

PIN CONFIGURATION AND FUNCTION DESCRIPTIONS

Table 3. Pin Function Descriptions

ADL5380
TOP VIEW
(Not to Scale)

ENBL 7
GND4 8
LOIP 9
LOIN 10
GND4 11
NC 12
07585-002

NOTES

1. NC = NO CONNECT.

2. THE EXPOSED PAD SHOULD BE CONNECTED TO A
LOW IMPEDANCE THERMAL AND ELECTRICAL
GROUND PLANE.

Figure 2. Pin Configuration

Pin No.

Mnemonic

Description

1,2,5,8,11,14,
17,18, 20,23

3,4,15,16

6,13,24

12
19

21,22

GND1, GND2, GND3, GND4

HI, ILO, QLO, QHI

VCC1,VCC2,VCC3
ENBL

LOIP, LOIN

NC
ADJ

RFIN, RFIP

EP

Ground Connect.

| Channel and Q Channel Mixer Baseband Outputs. These outputs have a 50 Q differential
output impedance (25 Q per pin). Each output pair can swing 2 V p-p (differential) into a
load of 200 Q. The output 3 dB bandwidth is ~400 MHz.

Supply. Positive supply for LO, IF, biasing, and baseband sections. Decouple these pins to
the board ground using the appropriate-sized capacitors.

Enable Control. When pulled low, the part is fully enabled; when pulled high, the part is
partially powered down and the output is disabled.

Local Oscillator Input. Pins must be ac-coupled. A differential drive through a balun is
necessary to achieve optimal performance. Recommended balun is the Mini-Circuits
TC1-1-13 for lower frequencies, the Johanson Technology 3600 balun for midband
frequencies, and the Johanson Technology 5400 balun for high band frequencies.

Balun choice depends on the desired frequency range of operation.

Do not connect this pin.

A resistor to Vs that optimizes third-order intercept. For operation <3 GHz, Rapsy = 1.5 kQ.
For operation from 3 GHz to 4 GHz, Raps = 200 Q. For operation >5 GHz, Raps = open.

See the Circuit Description section for more details.

RF Input. A single-ended 50 Q signal can be applied differentially to the RF inputs through
a 1:1 balun. Recommended balun is the Mini-Circuits TC1-1-13 for lower frequencies, the
Johanson Technology 3600 balun for midband frequencies, and the Johanson Technology
5400 balun for high band frequencies. Balun choice depends on the desired frequency
range of operation.

Exposed Paddle. Connect to a low impedance thermal and electrical ground plane.
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ADL5380

TYPICAL PERFORMANCE CHARACTERISTICS

Vs =5V, Ta =25°C, LO drive level = 0 dBm, RF input balun loss is de-embedded, unless otherwise noted.
LOW BAND OPERATION
RF =400 MHz to 3 GHz; Mini-Circuits TC1-1-13 balun on LO and RF inputs, 1.5 kQ from the AD] pin to Vs.
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RF = 3 GHz to 4 GHz; Johanson Technology 3600BL14M050T balun on LO and RF inputs, 200 Q from Vap; to Vs.
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HIGH BAND OPERATION
RF = 5 GHz to 6 GHz; Johanson Technology 5400BL15B050E balun on LO and RF inputs, the ADJ pin is open.
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Characterization Board Through Johanson Technology 5400 Balun
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DISTRIBUTIONS FOR fio = 900 MHz
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DISTRIBUTIONS FOR fio = 1900 MHz
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DISTRIBUTIONS FOR fio = 2700 MHz
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DISTRIBUTIONS FOR fio = 3600 MHz
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Figure 66. 1Q Gain Mismatch Distributions

0.3

07585-064

07585-065

07585-066

=
o
o

©
o

@®
o

—— — Ta=-40°C

— Tp=+25°C

L —Ta=+85C

b

(R

—— | CHANNEL _ |
=== Q CHANNEL

~
o

I
I

(=2}
o

fll
i

'I
1

'S
o

]
i
1
i

1]
1

w
o

[
l

DISTRIBUTION PERCENTAGE (%)
2]
S

»n
o

I

-
o

[T

0

35 40 45 50 55 65 70
INPUT IP2 (dBm)
Figure 67. lIP2 Distributions for | Channel and Q Channel
100 T 7 7
— Tp =-40°C I
90 |- — Tp =+25°C -/_ /
_ — Tp =+85°C / /
S ]
! /
2 7
=
2 o ] /
o
g | /
& 50
2 / /
Q 40
[=
2 4 |
2 30 / /
@
g 20 /
10 /J
0
125 130 135 140 145 155  16.0
NOISE FIGURE (dB)
Figure 68. Noise Figure Distributions
100 | / /j r/
90 |— = Tp =-40°C
_ — Tp=+25°C I
£ 80 [— —Tp=+85C
w
5 4l
g 7
P
5 [l
Py,
& 50
z [
- []
2
E " 7
&
® [ J] ]
. [ 1/
(]
-0.5 0 0.5 1.0 2.0 2.5

Rev. 0 | Page 20 of 36

QUADRATURE PHASE ERROR (Degrees)

Figure 69. 1Q Quadrature Phase Error Distributions

07585-067

07585-068

07585-069




ADL5380

DISTRIBUTIONS FOR f.o = 5800 MHz
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CIRCUIT DESCRIPTION

The ADL5380 can be divided into five sections: the local
oscillator (LO) interface, the RF voltage-to-current (V-to-I)
converter, the mixers, the differential emitter follower outputs,
and the bias circuit. A detailed block diagram of the device is
shown in Figure 76.

ENBL ADJ
ADL5380 HI
BIAS
1 )1
) ILO
) LOIP
RFIN |
— QUADRATURE
va | PHASE SPLITTER
RFIP =
LOIN
QHI
1 )1
QLo

Figure 76. Block Diagram

The LO interface generates two LO signals at 90° of phase
difference to drive two mixers in quadrature. RF signals are
converted into currents by the V-to-I converters that feed into
the two mixers. The differential I and Q outputs of the mixers
are buffered via emitter followers. Reference currents to each
section are generated by the bias circuit. A detailed description
of each section follows.

LO INTERFACE

The LO interface consists of a polyphase quadrature splitter
followed by a limiting amplifier. The LO input impedance is set
by the polyphase, which splits the LO signal into two differential
signals in quadrature. The LO input impedance is nominally

50 Q. Each quadrature LO signal then passes through a limiting
amplifier that provides the mixer with a limited drive signal. For
optimal performance, the LO inputs must be driven differentially.

V-TO-I CONVERTER

The differential RF input signal is applied to a V-to-I converter
that converts the differential input voltage to output currents.
The V-to-1 converter provides a differential 50 Q) input impedance.
The V-to-I bias current can be adjusted up or down using the
AD] pin (Pin 19). Adjusting the current up improves IIP3 and
IP1dB but degrades SSB NE. Adjusting the current down improves
SSB NF but degrades IIP3 and IP1dB. The current adjustment
can be made by connecting a resistor from the AD] pin (Pin 19)
to Vs to increase the bias current or to ground to decrease the
bias current. Table 4 approximately dictates the relationship
between the resistor used (Rapy), the resulting AD]J pin voltage,
and the resulting baseband common-mode output voltage.

Table 4. ADJ Pin Resistor Values and Approximate AD]J Pin
Voltages

~ Baseband Common-
Rapy ~Vaps (V) Mode Output (V)
200QtoVs 48 2.2
600 QtoVs 45 23
1.54 kQ to Vs 4 25
3.8kQtoVs 35 2.7
10kQto Vs 3 3
Open 2.5 32
9 kQ to GND 2 34
3.5kQ to GND 1.5 3.6
1.5 kQ to GND 1 38
MIXERS

The ADL5380 has two double-balanced mixers: one for the in-
phase channel (I channel) and one for the quadrature channel
(Q channel). These mixers are based on the Gilbert cell design
of four cross-connected transistors. The output currents from
the two mixers are summed together in the resistive loads that
then feed into the subsequent emitter follower buffers.

EMITTER FOLLOWER BUFFERS

The output emitter followers drive the differential I and Q signals
off chip. The output impedance is set by on-chip 25 Q) series
resistors that yield a 50 Q differential output impedance for
each baseband port. The fixed output impedance forms a
voltage divider with the load impedance that reduces the effective
gain. For example, a 500 Q differential load has 1 dB lower
effective gain than a high (10 kQ) differential load impedance.

BIAS CIRCUIT

A band gap reference circuit generates the reference currents
used by different sections. The bias circuit can be enabled and
partially disabled using ENBL (Pin 7). If ENBL is grounded or
left open, the part is fully enabled. Pulling ENBL high shuts off
certain sections of the bias circuitry, reducing the standing
power to about half of its fully enabled consumption and
disabling the outputs.
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APPLICATIONS INFORMATION

BASIC CONNECTIONS
Figure 78 shows the basic connections schematic for the ADL5380.

POWER SUPPLY

The nominal voltage supply for the ADL5380 is 5 V and is
applied to the VCCI, VCC2, and VCC3 pins. Connect ground
to the GND1, GND2, GND3, and GND4 pins. Solder the exposed
paddle on the underside of the package to a low thermal and
electrical impedance ground plane. If the ground plane spans
multiple layers on the circuit board, these layers should be stitched
together with nine vias under the exposed paddle. The AN-772
Application Note discusses the thermal and electrical grounding
of the LFCSP in detail. Decouple each of the supply pins using
two capacitors; recommended capacitor values are 100 pF and 0.1 pF.

LOCAL OSCILLATOR (LO) INPUT

For optimum performance, drive the LO port differentially
through a balun. The recommended balun for each performance
level includes the following:

e Up to 3 GHz is the Mini-Circuits TC1-1-13.

From 3 GHz to 4 GHz is the Johanson Technology
3600BL14MO050.

From 4.9 GHz to 6 GHz is the Johanson Technology

5400BL15B050.

AC couple the LO inputs to the device with 100 pF capacitors.
The LO port is designed for a broadband 50 Q match from
400 MHz to 6 GHz. The LO return loss can be seen in Figure 19.
Figure 77 shows the LO input configuration.

LO INPUT

(o) Lor

BALUN 100pF

(10) LOIN

100pF

07585-077

Figure 77. Differential LO Drive

The recommended LO drive level is between —6 dBm and +6 dBm.
The applied LO frequency range is between 400 MHz and 6 GHz.

RFIN
BALUN
100pF 100pF
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V50 T
0.1uF 100pF T | T T T T 1 |
;; / 23 22 21 20 19 \
/é‘g 28 B z £ )|
5[ 1 GND3 GND3 18|[]
5[ 2 GND1 GND2 17 :] %
wi (o 31HI QHI 16| [] Q) aHi
ADL5380 |
0 41L0 LO 15 )
ILO g Q 1 g QLo
5[ 5 GND1 GND2 14 :%
Vs [][6 veen 2 é e oz é vcez 13 '—_T_—_T__ovs
0.1pF 100pF 25 2 S § ¢ 100pF 0.1uF
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y I%‘ IJ: L1 y |
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BALUN )%”
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Figure 78. Basic Connections Schematic
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RF INPUT

The RF inputs have a differential input impedance of approximately
50 Q. For optimum performance, drive the RF port differentially
through a balun. The recommended balun for each performance
level includes the following:

e  Up to 3 GHz is the Mini-Circuits TC1-1-13.
e From 3 GHz to 4 GHz is the Johanson Technology
3600BL14MO050.

e  From 4.9 GHz to 6 GHz is the Johanson Technology
5400BL15B050.

AC couple the RF inputs to the device with 100 pF capacitors.
Figure 79 shows the RF input configuration.

(1) RFIN

100pF
BALUN _—
100pF

22 RFIP

RF INPUT

07585-079

Figure 79. RF Input

The differential RF port return loss is characterized, as shown
in Figure 80.
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Figure 80. Differential RF Port Return Loss

BASEBAND OUTPUTS

The baseband outputs QHI, QLO, IHI, and ILO are fixed
impedance ports. Each baseband pair has a 50 Q differential
output impedance. The outputs can be presented with differential
loads as low as 200 Q (with some degradation in gain) or high
impedance differential loads (500 ) or greater impedance yields
the same excellent linearity) that is typical of an ADC. The TCM9-1
9:1 balun converts the differential IF output to a single-ended
output. When loaded with 50 Q, this balun presents a 450 Q
load to the device. The typical maximum linear voltage swing for
these outputs is 2 V p-p differential. The output 3 dB bandwidth
is 390 MHz. Figure 81 shows the baseband output configuration.

DIFFERENTIAL RETURN LOSS RF PORT (dB)

07585-080

Hi (o) © (19 (o) aHI
V ADL5380 V

iLo (o) ® 15 (o) aLo
V V %

Figure 81. Baseband Output Configuration

ERROR VECTOR MAGNITUDE (EVM) PERFORMANCE

EVM is a measure used to quantify the performance of a digital
radio transmitter or receiver. A signal received by a receiver has all
constellation points at their ideal locations; however, various
imperfections in the implementation (such as magnitude
imbalance, noise floor, and phase imbalance) cause the actual
constellation points to deviate from their ideal locations.

In general, a demodulator exhibits three distinct EVM
limitations vs. received input signal power. At strong signal
levels, the distortion components falling in-band due to non-
linearities in the device cause strong degradation to EVM

as signal levels increase. At medium signal levels, where the
demodulator behaves in a linear manner and the signal is well
above any notable noise contributions, the EVM has a tendency to
reach an optimum level determined dominantly by the quadrature
accuracy of the demodulator and the precision of the test equipment.
As signal levels decrease, such that noise is a major contribution,
the EVM performance vs. the signal level exhibits a decibel-for-
decibel degradation with decreasing signal level. At lower signal
levels, where noise proves to be the dominant limitation, the
decibel EVM proves to be directly proportional to the SNR.

The ADL5380 shows excellent EVM performance for various
modulation schemes. Figure 82 shows the EVM performance of
the ADL5380 with a 16 QAM, 200 kHz low IF.

EVM (dB)
R

-40 \ l

-90 -70 -50 -30 -10
RF INPUT POWER (dBm)
Figure 82. EVM, RF = 900 MHz, IF = 200 kHz vs.
RF Input Power for a 16 QAM 160ksym/s Signal
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Figure 83 shows the zero-IF EVM performance of a 10 MHz
IEEE 802.16e WiMAX signal through the ADL5380. The
differential dc offsets on the ADL5380 are in the order of a few
millivolts. However, ac coupling the baseband outputs with 10 uF
capacitors eliminates dc offsets and enhances EVM performance.
With a 10 MHz BW signal, 10 pF ac coupling capacitors with
the 500 Q differential load results in a high-pass corner frequency
of ~64 Hz, which absorbs an insignificant amount of modulated
signal energy from the baseband signal. By using ac coupling
capacitors at the baseband outputs, the dc offset effects, which
can limit dynamic range at low input power levels, can be
eliminated.

N ,
\

TN =
/)

EVM (dB)
&
o
7
4~

1 I
\ 3.5GHz
-50 \

2.6GHz

-60 l l
=75 -65 -55 45 -35 -25 15 -5 5

RF INPUT POWER (dBm)
Figure 83. EVM, RF = 2.6 GHz, RF = 3.5 GHz, and RF = 5.8 GHz, IF = 0 Hz vs.

RF Input Power for a 16 QAM 10 MHz Bandwidth Mobile WiMAX Signal
(AC-Coupled Baseband Outputs)
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Figure 84 exhibits multiple W-CDMA low-IF EVM performance
curves over a wide RF input power range into the ADL5380. In
the case of zero-IF, the noise contribution by the vector signal
analyzer becomes predominant at lower power levels, making it
difficult to measure SNR accurately.
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Figure 84. EVM, RF = 1900 MHz, IF = 0 Hz, IF = 2.5 MHz, IF =5 MHz, and IF =
7.5 MHz vs. RF Input Power for a W-CDMA Signal (AC-Coupled Baseband Outputs)

LOW IF IMAGE REJECTION

The image rejection ratio is the ratio of the intermediate frequency
(IF) signal level produced by the desired input frequency to that
produced by the image frequency. The image rejection ratio is
expressed in decibels. Appropriate image rejection is critical
because the image power can be much higher than that of the
desired signal, thereby plaguing the down-conversion process.
Figure 85 illustrates the image problem. If the upper sideband
(lower sideband) is the desired band, a 90° shift to the Q channel

(I channel) cancels the image at the lower sideband (upper sideband).
Phase and gain balance between I and Q channels are critical
for high levels of image rejection.

M?OW\\ °°_’JL&
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Figure 85. lllustration of the Image Problem
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Figure 86 and Figure 87 show the excellent image rejection
capabilities of the ADL5380 for low IF applications, such as
W-CDMA. The ADL5380 exhibits image rejection greater than
45 dB over a broad frequency range.
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Figure 86. Low Band and Midband Image Rejection vs. RF Frequency for a
W-CDMA Signal, IF = 2.5 MHz, 5 MHz, and 7.5 MHz
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Figure 87. High Band Image Rejection vs. RF Frequency for a W-CDMA Signal,
IF =2.5MHz, 5 MHz, and 7.5 MHz

EXAMPLE BASEBAND INTERFACE

In most direct-conversion receiver designs, it is desirable to
select a wanted carrier within a specified band. The desired
channel can be demodulated by tuning the LO to the appropriate
carrier frequency. If the desired RF band contains multiple
carriers of interest, the adjacent carriers are also down converted to
a lower IF frequency. These adjacent carriers can be problematic if
they are large relative to the wanted carrier because they can
overdrive the baseband signal detection circuitry. As a result, it
is often necessary to insert a filter to provide sufficient rejection
of the adjacent carriers.

It is necessary to consider the overall source and load impedance
presented by the ADL5380 and ADC input when designing the
filter network. The differential baseband output impedance of
the ADL5380 is 50 Q2. The ADL5380 is designed to drive a high
impedance ADC input. It may be desirable to terminate the
ADC input down to lower impedance by using a terminating
resistor, such as 500 Q. The terminating resistor helps to better
define the input impedance at the ADC input at the cost of a
slightly reduced gain (see the Circuit Description section for
details on the emitter-follower output loading effects).

The order and type of filter network depends on the desired high
frequency rejection required, pass-band ripple, and group delay.
Filter design tables provide outlines for various filter types and
orders, illustrating the normalized inductor and capacitor values
for a 1 Hz cutoff frequency and 1 Q load. After scaling the
normalized prototype element values by the actual desired
cut-off frequency and load impedance, the series reactance
elements are halved to realize the final balanced filter network
component values.

As an example, a second-order Butterworth, low-pass filter design
is shown in Figure 88 where the differential load impedance is
500 Q2 and the source impedance of the ADL5380 is 50 Q. The
normalized series inductor value for the 10-to-1, load-to-source
impedance ratio is 0.074 H, and the normalized shunt capacitor
is 14.814 F. For a 10.9 MHz cutoff frequency, the single-ended
equivalent circuit consists of a 0.54 H series inductor followed
by a 433 pF shunt capacitor.

The balanced configuration is realized as the 0.54 uH inductor
is split in half to realize the network shown in Figure 88.

Rs = 500 Ly = 0.074H
YY)

AMA Py

NORMALIZED l L
Vs SINGLE-ENDED  Cy == 14.814F 3 R =500Q
CONFIGURATION T

Rs _ fc =1Hz
R 0.1 [

Rg = 50Q 0.54pH
N

DENORMALIZED l
SINGLE-ENDED
EQUIVALENT

<

T 433pF 3 R.= 5000

fc = 10.9MHz

=250 0.27uH
AAA Yy

VW

BALANCED 2500

CONFIGURATION T 433pF

Wy

250Q

NN

WA
RTS =250 0.27uH
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Figure 88. Second-Order Butterworth, Low-Pass Filter Design Example
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A complete design example is shown in Figure 91. A sixth-order
Butterworth differential filter having a 1.9 MHz corner frequency
interfaces the output of the ADL5380 to that of an ADC input.
The 500 Q load resistor defines the input impedance of the
ADC. The filter adheres to typical direct conversion W-CDMA
applications where, 1.92 MHz away from the carrier IF frequency,

1 dB of rejection is desired, and, 2.7 MHz away from the carrier IF
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frequency, 10 dB of rejection is desired. 400 /
Figure 89 and Figure 90 show the measured frequency response 300 /r/
and group delay of the filter. | —
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\ Figure 90. Sixth-Order Baseband Filter Group Delay
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Figure 89. Sixth-Order Baseband Filter Response
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Figure 91. Sixth-Order Low-Pass Butterworth, Baseband Filter Schematic
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Figure 93 and Figure 94 illustrate the magnitude response and

As the load impedance of the filter increases, the filter design
group delay response of the fourth-order filter, respectively.

becomes more challenging in terms of meeting the required

rejection and pass band specifications. In the previous W-CDMA S ——
example, the 500 ) load impedance resulted in the design of a 0 AN
sixth-order filter that has relatively large inductor values and small ~ s \
& -
capacitor values. If the load impedance is 200 ), the filter design 2
becomes much more manageable. Figure 92 shows a fourth-order % -0 \
filter designed for a 10 MHz wide LTE signal. As shown in Figure 92, & 15 N
w
the resultant inductor and capacitor values become much more % \\
practical with a 200 Q load. % \
> -25
22uH  1.5pH 4 \\
£ 30
N
g 5 Ll g, -35 ™
a3 8 8T 83 N
-40 5
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Figure 92. Fourth-Order Low-Pass LTE Filter Schematic Figure 93. Fourth-Order Low-Pass LTE Filter Magnitude Response
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Figure 94. Fourth-Order Low-Pass LTE Filter Group Delay Response
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CHARACTERIZATION SETUPS

Figure 95 to Figure 97 show the general characterization bench
setups used extensively for the ADL5380. The setup shown in
Figure 97 was used to do the bulk of the testing and used sinusoidal
signals on both the LO and RF inputs. An automated Agilent
VEE program was used to control the equipment over the

IEEE bus. This setup was used to measure gain, IP1dB, IIP2,
IIP3, 1/Q gain match, and quadrature error. The ADL5380
characterization board had a 9-to-1 impedance transformer on
each of the differential baseband ports to do the differential-to-
single-ended conversion, which presented a 450 Q) differential load
to each baseband port, when interfaced with 50 Q) test equipment.

For all measurements of the ADL5380, the loss of the RF input
balun was de-embedded. Due to the wideband nature of the
ADL5380, three different board configurations had to be used to
characterize the product. For low band characterization (400 MHz
to 3 GHz), the Mini-Circuits TC1-1-13 balun was used on the
RF and LO inputs to create differential signals at the device pins.
For midband characterization (3 GHz to 4 GHz), the Johanson
Technology 3600BL14M050T was used, and for high band
characterization (5 GHz to 6 GHz), the Johanson Technology
5400BL15B050E balun was used.

SNS

OUTPUT

CONTROL

The two setups shown in Figure 95 and Figure 96 were used

for making NF measurements. Figure 95 shows the setup for
measuring NF with no blocker signal applied while Figure 96
was used to measure NF in the presence of a blocker. For both
setups, the noise was measured at a baseband frequency of

10 MHz. For the case where a blocker was applied, the output
blocker was at a 15 MHz baseband frequency. Note that great
care must be taken when measuring NF in the presence of a
blocker. The RF blocker generator must be filtered to prevent
its noise (which increases with increasing generator output power)
from swamping the noise contribution of the ADL5380. At least
30 dB of attention at the RF and image frequencies is desired.
For example, assume a 915 MHz signal applied to the LO inputs of
the ADL5380. To obtain a 15 MHz output blocker signal, the RF
blocker generator is set to 930 MHz and the filters tuned such
that there is at least 30 dB of attenuation from the generator at
both the desired RF frequency (925 MHz) and the image RF
frequency (905 MHz). Finally, the blocker must be removed
from the output (by the 10 MHz low-pass filter) to prevent

the blocker from swamping the analyzer.
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Figure 95. General Noise Figure Measurement Setup
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Figure 96. Measurement Setup for Noise Figure in the Presence of a Blocker
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Figure 97. General Characterization Setup
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EVALUATION BOARD

The ADL5380 evaluation board is available. There are two
versions of the board, optimized for performance for separate
frequency ranges. For operation <3 GHz, an FR4 material-based
board with the TC1-1-13 balun footprint is available. For operation
between 3 GHz to 6 GHz, a Rogers® material-based RO3003 board
with the Johanson Technology 3600BL14MO050 balun (optimal
for operation between 3 GHz and 4 GHz) footprint is available.

RFx

C5x

l %P1x

Vpos
LOPx

NOTES

T3x

C12x

ADL5380

LO_SE

The Johanson Technology 5400BL15K050 shares the same
footprint and can be used for operation between 4900 MHz to
5800 MHz.

The board can be used for single-ended or differential baseband
analysis. The default configuration of the board is for single-ended
baseband analysis.

. 0 )QPx
R18x
T2x
?QNX

LONXx

1. X =B, FOR LOW FREQUENCY OPERATION UP TO 3GHz, TC1-1-13 BALUN ON RF AND LO PORTS.
X =A, FOR FREQUENCY OPERATION FROM 3GHz TO 4GHz, JOHANSON TECHNOLOGY 3600BL14M050 BALUN ON RF AND LO PORTS.

2. FOR OPERATION BETWEEN 4.9GHZ TO 6GHZ, THE JOHANSON TECHNOLOGY 5400BL15K050 BALUN, WHICH SHARES A SIMILAR

FOOTPRINT AS THE 4GHZ BALUN, CAN BE USED.

07585-098

Figure 98. Evaluation Board Schematic
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Table 5. Evaluation Board Configuration Options

Component | Description Default Condition
VPOSx, GNDx | Power Supply and Ground Vector Pins. Not applicable
R10x, R12x, Power Supply Decoupling. Shorts or power supply decoupling resistors. R10x, R12x, R19x = 0 Q (0603)
R19x
Céxto C11x | The capacitors provide the required dc coupling up to 6 GHz. Céx, C7x, C8x = 100 pF (0402),
C9x, C10x, C11x = 0.1 pF (0603)
P1x, R11x, Device Enable. When connected to Vs, the device is active. P1x, R9x =DNI, R1x = DN,
R9x, R1x R11x=0Q
R23x Adjust Pin. The resistor value here sets the bias voltage at this pin and optimizes R23B = 1.5 kQ) (0603),
third-order distortion. R23A =200 Q (0603)
Clx to C5x%, AC Coupling Capacitors. These capacitors provide the required ac coupling C1x, C4x =DNI,
C12x from 400 MHz to 4 GHz. C2x, C3x, C5x, C12x = 100 pF (0402)
R2x to R7x, Single-Ended Baseband Output Path. This is the default configuration of the R2x to R7x = open,
R13xtoR18x | evaluation board. R13x to R18x are populated for appropriate balun interface. R13x to R18x =0 Q) (0402)
R2x to R5x are not populated. Baseband outputs are taken from QHI and IHI. The
user can reconfigure the board to use full differential baseband outputs. R2x to R5x
provide a means to bypass the 9:1 TCM9-1 transformer to allow for differential base-
band outputs. Access the differential baseband signals by populating R2x to R5x
with 0 Q and not populating R13x to R18x. This way the transformer does not need
to be removed. The baseband outputs are taken from the SMAs of QHI, QLO, IHI,
and ILO. R6x and R7x are provisions for applying a specific differential load across
the baseband outputs
T2x, T4x IF Output Interface. TCM9-1 converts a differential high impedance IF output to T2x, T4x =TCM9-1, 9:1 (Mini-Circuits)
a single-ended output. When loaded with 50 Q, this balun presents a 450 Q load
to the device. The center tap can be decoupled through a capacitor to ground.
C15x%, C16x Decoupling Capacitors. C15x and C16x are the decoupling capacitors used to reject | C15x, C16x =0.1 pF (0402)
noise on the center tap of the TCM9-1.
T1x LO Input Interface. A 1:1 RF balun that converts the single-ended RF input to T1B =TC1-1-13, 1:1 (Mini-Circuits)
differential signal is used. for operation <3 GHz,
T1A = Johanson Technology
3600BL14MO050 for operation from
3 GHz to 4 GHz, Johanson Technology
5400BL15K050 for operation from
4900 MHz to 5800 MHz
T3x RF Input Interface. A 1:1 RF balun that converts the single-ended RF input to T3B =TC1-1-13, 1:1 (Mini-Circuits)

differential signal is used.

for operation <3 GHz,

T3A = Johanson Technology
3600BL14MO050 for operation from
3 GHz to 4 GHz, Johanson Technology
5400BL15K050 for operation from
4900 MHz to 5800 MHz
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Figure 100. Midband/High Band Evaluation Board Top Layer Silkscreen

THERMAL GROUNDING AND EVALUATION
BOARD LAYOUT

The package for the ADL5380 features an exposed paddle on the
underside that should be well soldered to a low thermal and
electrical impedance ground plane. This paddle is typically
soldered to an exposed opening in the solder mask on the
evaluation board. Figure 103 illustrates the dimensions used in
the layout of the ADL5380 footprint on the ADL5380 evaluation
board (1 mil = 0.0254 mm).

Notice the use of nine via holes on the exposed paddle. These
ground vias should be connected to all other ground layers on
the evaluation board to maximize heat dissipation from the
device package.

Figure 102. Midband/High Band Evaluation Board Bottom Layer Silkscreen
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Figure 103. Dimensions for Evaluation Board Layout for the ADL5380 Package

Under these conditions, the thermal impedance of the ADL5380
was measured to be approximately 30°C/W in still air.
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OUTLINE DIMENSIONS

0.60 MAX
0.60 MAX PIN 1
INDICATOR
0.50 18 %2
PIN 14 p =
INDICATOR BSC_L EXPOSEDO g 265
PaD | 2.505Q
0.50 ¥ 1EQ'TDMVIE: e 2.35
0.40 3z NS
0.30 L 0.23MIN
0.80 MAX 2.50 REF —+——]
1.00  12° MAX 0.65TYP —|
0.85— >/~ 0.05 MAX
0.80 1 S ¥4 [ 0.02NOM FOR PROPER CONNECTION OF
THE EXPOSED PAD, REFER TO
0.30 f A COPLANARITY THE PIN CONFIGURATION AND
SEATING 023 LC0.20 REF 0.08 FUNCTION DESCRIPTIONS
SEATIM 038 SECTION OF THIS DATA SHEET.

COMPLIANT TO JEDEC STANDARDS MO-220-VGGD-8

Figure 104. 24-Lead Lead Frame Chip Scale Package [LFCSP_VQ]
4 mm x 4 mm Body, Very Thin Quad
(CP-24-3)
Dimensions shown in millimeters

082908-A

ORDERING GUIDE

Package
Model Temperature Range | Package Description Option Ordering Quantity
ADL5380ACPZ-R7' -40°C to +85°C 24-Lead LFCSP_VQ CP-24-3 1,500, 7" Tape and Reel
ADL5380ACPZ-WP! -40°C to +85°C 24-Lead LFCSP_VQ CP-24-3 64, Waffle Pack
ADL5380-29A-EVALZ' Mid Band (3 GHz to 4 GHz) Evaluation Board 1
ADL5380-30A-EVALZ' Low Band (400 MHz to 3 GHz) Evaluation Board 1

' Z = RoHS Compliant Part.
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High Current Output,
Triple Video Amplifier

AD8023

FEATURES
Drives 13 V Output
Drives Unlimited Capacitive Load
High Current Output Drive: 70 mA
Excellent Video Specifications (R. = 150 Q)
Gain Flatness 0.1 dB to 10 MHz
0.06% Differential Gain Error
0.02° Differential Phase Error
Power
Operates on 2.5V to =7.5 V Supply
10.0 mA/Amplifier Max Power Supply Current
High Speed

PIN CONFIGURATION
14-Lead SOIC

DISABLE 1[ 1]
DISABLE 2| 2]

DISABLE 3[ 3 |

+Vg Iz

Ar

AD8023

[14] out 2
[13] -in 2

[12] a2

] -vs

#N1[5]
-N1[6]
out1[7]

A

[10] +IN 3
[o]-In3
(8] outs

250 MHz Unity Gain Bandwidth (3 dB)

1200 V/ps Slew Rate

Fast Settling Time of 35 ns (0.1%)
High Speed Disable Function

Turn-Off Time 30 ns
Easy to Use

200 mA Short Circuit Current

Output Swing to 1V of Rails

APPLICATIONS

LCD Displays

Video Line Driver

Broadcast and Professional Video
Computer Video Plug-In Boards
Consumer Video

RGB Amplifier in Component Systems

PRODUCT DESCRIPTION

The AD8023 is a high current output drive, high voltage output
drive, triple video amplifier. Each amplifier has 70 mA of output
current and is optimized for driving large capacitive loads. The
amplifiers are current feedback amplifiers and feature gain
flatness of 0.1 dB to 10 MHz while offering differential gain and
phase error of 0.06% and 0.02°.

Figure 1. Pulse Response Driving a Large Load Capacitor,
C,=300pF, G=+3, Re=750Q, Rs = 16.9Q, R, = 10 kQ

REV. A

Information furnished by Analog Devices is believed to be accurate and
reliable. However, no responsibility is assumed by Analog Devices for its
use, nor for any infringements of patents or other rights of third parties
which may result from its use. No license is granted by implication or
otherwise under any patent or patent rights of Analog Devices.

The AD8023 uses maximum supply current of 10.0 mA per
amplifier and runs on £2.5 V to £7.5 V power supply. The
outputs of each amplifier swing to within one volt of either
supply rail to easily accommodate video signals. The AD8023
is unique among current feedback op amps by virtue of its large
capacitive load drive with a small series resistor, while still
achieving rapid settling time. For instance, it can settle to 0.1% in
35 ns while driving 300 pF capacitance.

The bandwidth of 250 MHz along with a 1200 V/us slew rate
make the AD8023 useful in high speed applications requiring
a single +5 V or dual power supplies up to £7.5 V. Further-
more, the AD8023 contains a high speed disable function for
each amplifier in order to power down the amplifier or high
impedance the output. This can then be used in video multi-
plexing applications. The AD8023 is available in the indus-
trial temperature range of -40°C to +85°C.

Figure 2. Output Swing Voltage,
R =150Q;Vs=17.5V,G=+10

One Technology Way, P.O. Box 9106, Norwood, MA 02062-9106, U.S.A.
Tel: 781/329-4700 World Wide Web Site: http://www.analog.com
Fax: 781/326-8703 © Analog Devices, Inc., 2000



AD8023_SPEC I F I CATI 0 NS (@ Ty =+25°C, Vg = £1.5, Cygap = 10 pF, Rygap = 150 Q, unless otherwise noted)

Model ADS8023A
Conditions Vs Min Typ Max Units
DYNAMIC PERFORMANCE
Bandwidth (3 dB) Rgp = 750 Q No Peaking, G = +3 125 MHz
Bandwidth (0.1 dB) No Peaking, G = +3 7 MHz
Slew Rate 5V Step 1200 V/us
Settling Time to 0.1% 0Vtox6V (6V Step)
Croap = 300 pF
RLOAD > 1 kQ, RFB =750 Q
Ta = +25°C to +70°C, Rs = 16.9 Q 30 ns
NOISE/HARMONIC PERFORMANCE
Total Harmonic Distortion
fc =5 MHz, R =150 Q, Vo =2 p-p =72 dBc
Input Voltage Noise f=10kHz 2.0 nV/\/&
Input Current Noise f=10kHz (-In) 14 pA/\/ Hz
Differential Gain (Ry = 150 Q) f=3.58 MHz, G = +2, Rgg = 750 Q 0.06 %
Differential Phase (Ry = 150 Q) f=3.58 MHz, G = +2, Rgg = 750 Q 0.02 Degrees
DC PERFORMANCE
Input Offset Voltage Twmmv to Tyax -5 2 5 mV
Offset Drift 2 uv/eC
Input Bias Current (-) Tumy to Taax -45 15 45 UA
Input Bias Current (+) Tumy to Taax -25 5 25 UA
Open-Loop Transresistance 67 111 kQ
TMIN to TMAX 50 111 kQ
INPUT CHARACTERISTICS
Input Resistance
+Input TMIN to TMAX 100 kQ
—Input TMIN to TMAX 75 Q
Input Capacitance 2 pF
Input Common-Mode Voltage Range 16.0 \%
Common-Mode Rejection Ratio
Input Offset Voltage 50 56 dB
—Input Current 0.2 UA/V
+Input Current 5 UA/V
OUTPUT CHARACTERISTICS
Output Voltage Swing
RL =1kQ VOL_VEE 0.8 1.0 \%
Vee—Vou 0.8 1.0 A%
RL =150 Q VOL_VEE 1.0 1.3 \%
Vee—Vou 1.0 1.3 \%
Output Current 50 70 mA
Short-Circuit Current 300 mA
Capacitive Load Drive 1000 pF
MATCHING CHARACTERISTICS
Dynamic
Crosstalk G=+2,f=5 MHz 70 dB
DC
Input Offset Voltage -5 0.3 5 mV
—Input Bias Current -10 3 10 UA
POWER SUPPLY
Operating Range Single Supply +4.2 +15 A%
Dual Supply +2.1 7.5 A%
Quiescent Current/Amplifier 6.2 mA
7.0 10.0 mA
Ty to Tymax
Power-Down 1.3 4.0 mA
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AD8023

Model ADS023A
Conditions Vs Min Typ Max Units
POWER SUPPLY (Continued)

Power Supply Rejection Ratio Vg=225Vtox7.5V dB
Input Offset Voltage 54 76 dB
—Input Current 0.03 UA/NV
+Input Current 0.07 LAV

DISABLE CHARACTERISTICS

Off Isolation f=6 MHz -70 dB

Off Output Capacitance G=+1 12 pF

Turn-On Time 50 ns

Turn-Off Time R =150 Q 30 ns

Switching Threshold Vru— Vs 1.6 \%

Specifications subject to change without notice.
ABSOLUTE MAXIMUM RATINGS"* Maximum Power Dissipation
SupplyVoltage ............. .. ... ... 15.5 V Total The maximum power that can be safely dissipated by the AD8023

Internal Power Dissipation

Small Outline (R) . ... 1.0 Watts (Observe Derating Curves)

Input Voltage (Common Mode) .................... +Vg
Differential Input Voltage ................ 13V (Clamped)
Output Voltage Limit
Maximum ........... . . +Vg
MINIMUmM . ..ot e e e -Vs

Output Short Circuit Duration
.................... Observe Power Derating Curves
Storage Temperature Range

RPackage ........................ -65°C to +125°C
Operating Temperature Range

ADBO23A ... . -40°C to +85°C
Lead Temperature Range (Soldering 10sec) ........ +300°C

*Stresses above those listed under Absolute Maximum Ratings may cause perma-
nent damage to the device. This is a stress rating only; functional operation of the
device at these or any other conditions above those indicated in the operational
section of this specification is not implied. Exposure to absolute maximum rating
conditions for extended periods may affect device reliability.

ORDERING GUIDE
Temperature |Package Package

Model Range Description Option
AD8023AR -40°C to +85°C | 14-Lead Plastic SOIC |R-14
AD8023AR- —40°C to +85°C | 13" Tape and Reel R-14

REEL
AD8023AR- —-40°C to +85°C | 7" Tape and Reel R-14

REEL7
AD8023ACHIPS |-40°C to +85°C | Die

CAUTION

is limited by the associated rise in junction temperature. The
maximum safe junction temperature for the plastic encapsulated
parts is determined by the glass transition temperature of the
plastic, about 150°C. Temporarily exceeding this limit may
cause a shift in parametric performance due to a change in the
stresses exerted on the die by the package. Exceeding a junction
temperature of 175°C for an extended period can result in
device failure.

While the AD8023 is internally short circuit protected, this may
not be enough to guarantee that the maximum junction temper-
ature is not exceeded under all conditions. To ensure proper
operation, it is important to observe the derating curves.

It must also be noted that in (noninverting) gain configurations
(with low values of gain resistor), a high level of input overdrive
can result in a large input error current, which may result in a
significant power dissipation in the input stage. This power
must be included when computing the junction temperature rise
due to total internal power.

25 — T
T, = +150°C

2
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o

2
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Figure 3. Maximum Power Dissipation vs. Ambient
Temperature

ESD (electrostatic discharge) sensitive device. Electrostatic charges as high as 4000 V readily
accumulate on the human body and test equipment and can discharge without detection. Although
the AD8023 features proprietary ESD protection circuitry, permanent damage may occur on devices
subjected to high energy electrostatic discharges. Therefore, proper ESD precautions are recom-
mended to avoid performance degradation or loss of functionality.

WARNING!

| ESD SENSITIVE DEVICE

REV. A
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AD8023

METALIZATION PHOTO
Contact factory for latest dimensions.
Dimensions shown in inches and (mm).

—~IN1 +IN +Vg DISABLE 3 DISABLE 2

gl

DISABLE 1
_ 1

0.0634
(1.61)

OouT 3

Typical Performance Characteristics
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Vg = £7.5V
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COMMON-MODE VOLTAGE RANGE - +Volts
Y
OUTPUT VOLTAGE SWING -V p-p
S
\

02 3 4 5 6 7 8 610 100 1k 10k
SUPPLY VOLTAGE - +Volts LOAD RESISTANCE —
Figure 4. Input Common-Mode Voltage Range vs. Figure 5. Output Voltage Swing vs. Load Resistance

Supply Voltage
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Figure 18. Open-Loop Transimpedance vs. Frequency
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Figure 19. Slew Rate vs. Output Step Size

Figure 21. Small Signal Pulse Response, Gain = +1,
(Re=2kQ, R, =150Q, Vs =%7.5V)
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Figure 22. Maximum Slew Rate vs. Supply Voltage

Figure 20. Large Signal Pulse Response,
Gain=+1, (Re=2kQ, R, =150Q, Vs =%7.5V)

REV. A

Figure 23. Large Signal Pulse Response,
Gain =+10, (Re=274Q, R, =150Q, Vs =+7.5V)
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Figure 25. Closed-Loop Gain and Phase vs. Frequency, Figure 28. Small Signal Pulse Response,
G=+1,R =150Q Gain=+10, (Re=274Q, R = 150Q, Vs=%7.5V)

Figure 26. Large Signal Pulse Response, Figure 29. Small Signal Pulse Response,
Gain=-1,(Re=750Q, R = 150 Q, Vs =+7.5 V) Gain=-1,(Re=750Q, R = 150Q, Vs=+7.5V)
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Figure 30. Closed-Loop Gain and Phase vs. Frequency,
G=-10,R, =150Q

General

The AD8023 is a wide bandwidth, triple video amplifier that
offers a high level of performance on less than 9.0 mA per
amplifier of quiescent supply current. The AD8023 achieves
bandwidth in excess of 200 MHz, with low differential gain and
phase errors and high output current making it an efficient video
amplifier.

The AD8023’s wide phase margin coupled with a high output
short circuit current make it an excellent choice when driving
any capacitive load up to 300 pF.

It is designed to offer outstanding functionality and performance
at closed-loop inverting or noninverting gains of one or greater.

Choice of Feedback and Gain Resistors

Because it is a current feedback amplifier, the closed-loop band-
width of the AD8023 may be customized using different values
of the feedback resistor. Table I shows typical bandwidths at
different supply voltages for some useful closed-loop gains when
driving a load of 150 Q.

The choice of feedback resistor is not critical unless it is desired
to maintain the widest, flattest frequency response. The resistors
recommended in the table (chip resistors) are those that will
result in the widest 0.1 dB bandwidth without peaking. In
applications requiring the best control of bandwidth, 1%
resistors are adequate. Resistor values and widest bandwidth
figures are shown. Wider bandwidths than those in the table can
be attained by reducing the magnitude of the feedback resistor
(at the expense of increased peaking), while peaking can be
reduced by increasing the magnitude of the feedback resistor.

Increasing the feedback resistor is especially useful when driving
large capacitive loads as it will increase the phase margin of the
closed-loop circuit. (Refer to the Driving Capacitive Loads
section for more information.)

To estimate the -3 dB bandwidth for closed-loop gains of 2 or
greater, for feedback resistors not listed in the following table,
the following single pole model for the AD8023 may be used:

REV. A

G
" 1+ 8SCyr (Rg +Gn rin)
Cr = transcapacitance = 1 pF
Ry = feedback resistor
G = ideal closed loop gain

Ry
Gn=|1+ R | = noise gain
G
rin = inverting input resistance = 150 Q
ACL = closed loop gain

ACL

where:

The -3 dB bandwidth is determined from this model as:

N 1
/=37 Cp (R, + G rim)

This model will predict -3 dB bandwidth to within about
10% to 15% of the correct value when the load is 150 Q and
Vs =+7.5V. For lower supply voltages there will be a slight
decrease in bandwidth. The model is not accurate enough to
predict either the phase behavior or the frequency response
peaking of the AD8023.

It should be noted that the bandwidth is affected by attenuation
due to the finite input resistance. Also, the open-loop output
resistance of about 6 Q reduces the bandwidth somewhat when
driving load resistors less than about 150 Q. (Bandwidths will
be about 10% greater for load resistances above a couple
hundred ohms.)

Table I. -3 dB Bandwidth vs. Closed-Loop Gain and Feedback
Resistor, R; = 150  (SOIC)

Vs = Volts Gain Rg - Ohms BW - MHz

7.5 +1 2000 460
+2 750 240
+10 300 50
-1 750 150
-10 250 60

+2.5 +1 2000 250
+2 1000 90
+10 300 30
-1 750 95
-10 250 50

Driving Capacitive Loads

When used in combination with the appropriate feedback
resistor, the AD8023 will drive any load capacitance without
oscillation. The general rule for current feedback amplifiers is
that the higher the load capacitance, the higher the feedback
resistor required for stable operation. Due to the high open-loop
transresistance and low inverting input current of the AD8023,
the use of a large feedback resistor does not result in large closed-
loop gain errors. Additionally, its high output short circuit current
makes possible rapid voltage slewing on large load capacitors.

For the best combination of wide bandwidth and clean pulse
response, a small output series resistor is also recommended.
Table II contains values of feedback and series resistors which
result in the best pulse responses. Figure 28 shows the AD8023
driving a 300 pF capacitor through a large voltage step with
virtually no overshoot. (In this case, the large and small signal
pulse responses are quite similar in appearance.)
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15Q

Figure 31. Circuit for Driving a Capacitive Load

Table II. Recommended Feedback and Series Resistors vs.
Capacitive Load and Gain

Rg - Ohms

CL-pF Rg - Ohms G=2 G2=3
20 2k 0 0

50 2k 10 10
100 2k 15 15
200 3k 10 10
300 3k 10 10
>500 3k 10 10

Figure 32. Pulse Response Driving a Large Load Capacitor.
C.=300pF, G=+3, Re=750Q, Rs=16.9Q, R, = 10 kQ

Overload Recovery

The three important overload conditions are: input common-
mode voltage overdrive, output voltage overdrive, and input
current overdrive. When configured for a low closed-loop gain,
this amplifier will quickly recover from an input common-mode
voltage overdrive; typically in under 25 ns. When configured for
a higher gain, and overloaded at the output, the recovery time
will also be short. For example, in a gain of +10, with 50%
overdrive, the recovery time of the AD8023 is about 20 ns (see
Figure 31). For higher overdrive, the response is somewhat
slower. For 100% overdrive, (in a gain of +10), the recovery
time is about 80 ns.

-10-

Figure 33. 50% Overload Recovery, Gain = +10,
(ReE=300Q, R, =1kQ, Vsg=%7.5V)

As noted in the warning under Maximum Power Dissipation, a
high level of input overdrive in a high noninverting gain circuit
can result in a large current flow in the input stage. Though this
current is internally limited to about 30 mA, its effect on the
total power dissipation may be significant.

Disable Mode Operation

Pulling the voltage on any one of the Disable pins about 1.6 V up
from the negative supply will put the corresponding amplifier
into a disabled, powered down, state. In this condition, the
amplifier’s quiescent current drops to about 1.3 mA, its output
becomes a high impedance, and there is a high level of isolation
from input to output. In the case of a gain of two line driver for
example, the impedance at the output node will be about the
same as for a 1.5 kQ resistor (the feedback plus gain resistors)
in parallel with a 12 pF capacitor.

Leaving the Disable pin disconnected (floating) will leave the
corresponding amplifier operational, in the enabled state. The
input impedance of the disable pin is about 25 kQ in parallel
with a few picofarads. When driven to 0 V, with the negative
supply at —7.5 V, about 100 pA flows into the disable pin.

When the disable pins are driven by complementary output
CMOS logic, on a single 5 V supply, the disable and enable
times are about 50 ns. When operated on dual supplies, level
shifting will be required from standard logic outputs to the
Disable pins. Figure 33 shows one possible method, which
results in a negligible increase in switching time.

+5
\'A 4%(% +7.5V
15kQ3
‘
TO DISABLE PIN
&« 10kQ
-7.5V

V) HIGH => AMPLIFIER ENABLED
V| LOW => AMPLIFIER DISABLED
Figure 34. Level Shifting to Drive Disable Pins on Dual
Supplies

The AD8023’s input stages include protection from the large
differential input voltages that may be applied when disabled.
Internal clamps limit this voltage to about £3 V. The high input to
output isolation will be maintained for voltages below this limit.

REV. A



AD8023

REV. A

OUTLINE DIMENSIONS

Dimensions shown in inches and (mm).

14-Lead Plastic SOIC

(R-14)
0.3444 (8.75)
0.3367 (8.55) |
fAAAAARA
‘ 14 8
0.1574 (4.00) 0.2440 (6.20)
0.1497 (3.80) [T 1 711 0.2284 (5.80)
N R
0.0688 (1.75,
00008 PIN 1 (1.75) 0.0196 (0.50)x 25
. (0.25) 0.0532 (1.35) "I I*o_oogg (0.25)
0.0040 (0.10)
y AN
I?-»l e >l & e
SEATING ‘}fg%’ %m 0.0099 (0.25) 0° 0.0500 (1.27)
PLANE ‘ggc - ) 0.0075(0.19)  0.0160 (0.41)
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The GaGe Octopus™ family
of multi-channel digitizers
features up to 8 channels in
a single-slot PCI card with

up to 125 MS/s sampling per
channel, and up to 4 GB of
on-board acquisition memory.
Combine several Octopus
cards for up to 64 channels in

a single system.

With more than 35 new
digitizers to choose from, we
offer you many more options

than ever before.

APPLICATIONS
Radar Design and Test
Disk Drive Testing
Manufacturing Test

Signal Intelligence

Lidar Systems
Communications
Non-Destructive Testing
Spectroscopy
High-Performance Imaging

Ultrasound Test

Octopus CompuScope 83XX

14-Bit Family of Multi-channel Digitizers for the PCI Bus

-
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The Octopus family represents a new generation of GaGe digitizers
that has all of the advanced features you would expect from a top
performance signal capture card:

FEATURES

2, 4, or 8 digitizing channels

10, 25, 50, 65, 100, or 125 MS/s sampling per channel
14 bits vertical resolution

128 MS to 2 GS on-board acquisition memory

More than 100 MHz bandwidth

Full-size, single-slot PCI card

Full-featured front-end, with software control over input ranges,
coupling and impedances

32 bits, 66 MHz PCI standard for 200 MB/s transfer to PC memory

Ease of integration with External or Reference Clock In and Clock Out,
External Trigger In and Trigger Event Out

Programming-free operation with GageScope® oscilloscope software
Software Development Kits available for LabVIEW, MATLAB, C/C#

TIT

www.tti.co.uk
Tel: 01480 412451
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Octopus CompuScope 83XX Simplified Block Diagram

Trig Out (¢——
CH1(G 1 ADC 1 >
Auto Calibration ::>
Circuitry FPGA Memory
CH2G 2 ADC 2 >
i i A A t
CH8E 8 ADC8& 10MHz Clock Master
Reference /| | Control € Crystal
Signal Conditioning External Clock Oscillator
Front End t |
Ckin Clk Out @ External Trigger
Trig In (¢ » Circuitry
PCI Controller I#
A/D SAMPLING ACQUISITION MEMORY
Number of Inputs: 2,40r8
! i Total On-board M
Resolution: 14 bits Cll::lt:r‘l’(eals ota’ Dn-hoard emory
ENOB (see Note 1): 10.7 bits 128M | 256M | 512M | 1G 26
SNR (see Note 1): 66 dB 1 128 M 256 M 512 M 1G 2G
SFDR (see Note 1): 72.dB 2 64M | 128M | 256 M | 512 M 1G
SINAD (see Note 1): 65dB 4 32M | 64M | 128M | 256 M | 512 M
Maximum Sampling Rate Per Channel (product-dependent):
10, 25, 50, 65, 100 or 125 MS/s 8 16M | 32M | 64M | 128M | 256 M
Sampling Rates: 125 MS/s, 105 MS/s, 100 MS/s, 80 MS/s,
65 MS/s, 50 MS/s, 40 MS/s, 25 MS/s, TRIGGERING
20 MS/s, 10 MS/s, 5 MS/s, 2 MS/s, 1 MS/s, Trigger Engines: 2 per channel, 1 for external trigger
500 kS/s, 200 kS/s, 100 kS/s, 50 kS/s Source: CH 1 to 8, EXT or Software

Connector:

Impedance:

Coupling:

AC Coupled Bandwidth:
DC Coupled Bandwidth:

Flatness (see Note 3):
DC Accuracy (see Note 4):
Input Voltage Ranges:

Protection:
with 1 MQ impedance:
with 50 Q impedance:

Absolute Maximum Amplitude

with 1 MQ impedance:
with 50 Q impedance:

LOW-PASS FILTER
Type:

Cut-off Frequency:
Operation:

20 kS/s, 10 kS/s, 5 kS/s, 2 kS/s, 1 kS/s
SMB

1 MQ or 50 Q; (software-selectable)
AC or DC; (software-selectable)

10 Hz to >100 MHz (see Note 2)

DC to >200 MHz
(50 Q only, see Note 5)

Input Combination:

Trigger Level Accuracy:

Slope:
Sensitivity:

Within £0.5 dB of ideal response to 40 MHz

+0.5 %

+100 mV, £200 mV, £500 mV, £1V,
+2 'V, £5V (£5 Vis only available in 50 Q)

Diode-clamped
Protection with 50 Q source impedance

+15 V (continuous)
+5 V (continuous)

3-pole Bessel, 1 per channel
20 MHz
Individually software-selectable

Post-Trigger Data:

Maximum Record Length:

EXTERNAL TRIGGER

Impedance:
Amplitude:
Voltage Range:
Bandwidth:
Coupling:
Connector:

All combinations of sources logically OR'ed
Less than +£2% of Full Scale for channel
triggering

Positive or Negative; software-selectable

+2% of Full Scale

This implies that signal amplitude must be at
least 4% of full scale to cause a trigger to
occur. Smaller signals are rejected as noise.

128 points minimum.
Can be defined with a 64 point resolution.

Maximum memory depth

2 kQ

Absolute maximum +£15 V

+1V, £5 V (software-selectable)
>100 MHz

AC or DC

SMB




TRIGGER OUT
Impedance:
Amplitude:
Connector:

INTERNAL CLOCK
Accuracy:

EXTERNAL CLOCK
Maximum Frequency:
Minimum Frequency:
Signal Level:

Termination Impedance:
Sampling Edge:

Duty Cycle:

Connector:

Coupling:

EXTERNAL REFERENCE

50 Q compatible
0-2.5V
SMB

+1 ppm (0 to 50°C ambient)

Maximum product sample rate
2 MHz

Minimum 1 V RMS
Maximum 2 V RMS

50 Q
Rising
50% £5%
SMB

AC

The External Reference timebase is used to synchronize the

Internal Sampling Clock
Frequency:
Signal Level:

Impedance:
Sampling Edge:
Duty Cycle:
Connector:

CLOCK OUT
Maximum Frequency:
Minimum Frequency:

Signal Level:
Impedance:
Duty Cycle:
Connector:

MULTIPLE RECORD
Pre-trigger Data:
Record Length:

TIMESTAMPING
Resolution:
Counter turnover:

CARD SIZE

10 MHz £1000 ppm; (software-selectable)

Minimum 1 V RMS
Maximum 2 V RMS

50 Q
Rising
50% £5%
SMB

Maximum product sample rate

2 MHz (from External Clock)
1 kHz (from Internal Clock)

0-2.5V

50 Q compatible
50% +£10%
SMB

Up to virtually full record length
128 points minimum.

Can be defined with a 64 points resolution.

One sampling interval
>24 hours continuous

TPOWER (IN WATTS, PER CARD)
25.0 W (typical)

TMeasured on a typical 4-channel Octopus card.

PCI BUS INTERFACE
Plug-&-Play:

Bus Mastering:
Scatter-Gather:

Fully supported
Fully supported
Fully supported

Single-slot, full-length PCI

SYSTEM REQUIREMENTS

PCI-based computer, minimum Pentium II 500 MHz, with at least one
free full-length PCI slot, 128 MB RAM, 100 MB hard disk.

COOLING SYSTEM
Minimum CFM Requirement: Characterization in progress

Bus Width: 32 bits
Bus Speed: 66 MHz or 33 MHz
Bus Throughput: 200 MB/s to PC memory
(66 MHz PCI; dependent on motherboard
and number of PCI-PCI bridges)
Compatibility: PCI-compliant, v.2.2

Also v.2.1 systems that supply 3.3 V to
PCI slot

MULTI-CARD SYSTEMS
Supported by all Octopus CompuScope models, GageScope, and SDKs.

OPERATING SYSTEMS
Windows XP:
Windows 2000:

All Versions
SP1 or higher

APPLICATION SOFTWARE

GageScope: Windows-based software for programming-free operation
LITE Edition: Included with purchase, provides basic

functionality

Provides limited functionality of advanced

analysis tools, except for Extended Math

Provides full functionality of all advanced

analysis tools

Standard Edition:

Professional Edition:

SOFTWARE DEVELOPMENT KITS (SDK)
CompuScope SDK for C/C# for Windows*
CompuScope SDK for MATLAB for Windows
CompuScope SDK for LabVIEW for Windows

*C/C# SDK is compatible with LabWindows/CVI 7.0+ compiler.
Visual Basic.NET support available with purchase of C/C# SDK.

Contact your GaGe Sales Agent for information on Linux support.

WARRANTY

One year parts and labor
Certificate of NIST Traceable Calibration is included.

All specifications subject to change without notice.

www.gage-applied.com
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Notes to specifications:

1) Measured at 125 MS/s in the £500 mV range with 50 Q input impedance
using a 10 MHz sine wave with an amplitude of 95% of full scale and
the on-board filtering capability.

2) 10 Hz at 1 MQ only.

3) Measured at 125 MS/s in the £500 mV range with 50 Q input impedance
with an amplitude of 95% of full scale.

4) Measured on £500 mV, £1V, £2 V input ranges for both 50 Q and 1 MQ
input impedance settings.

5) Measured on £1V, £2 'V, £5 V input ranges using the 50 Q input
impedance setting.

Unless otherwise specified, all dynamic performance specs have been
qualified on engineering boards.

Available from:

TIT|/|

Measurably better value

Thurlby Thandar Instruments Ltd. Glebe Road, Huntingdon, Cambs. PE29 7DR U.K.
Tel: 01480 412451, Fax: 01480 450409, e-mail: e-mail: sales@tti.co.uk
Web: www.tti.co.uk

ORDERING INFORMATION

Hardware & Upgrades
2 Channel 4 Channel 8 Channel

10 MS/s CS8320: OCT-832-000 (CS8340: OCT-834-000 CS8380: OCT-838-000

25 MS/s CS8322: OCT-832-002 (CS8342: OCT-834-002 (€S8382: OCT-838-002

50 MS/s CS8324: OCT-832-004 (CS8344: OCT-834-004 (CS8384: OCT-838-004

65 MS/s CS8325: OCT-832-005 (CS8345: OCT-834-005 (CS8385: OCT-838-005

100 MS/s CS8327: OCT-832-007 (CS8347: OCT-834-007 (CS8387: OCT-838-007

125 MS/s CS8329: OCT-832-009 (CS8349: OCT-834-009 CS8389: OCT-838-009
Memory Upgrade: 128 MS to 256 MS OCT-181-001
Memory Upgrade: 128 MS to 512 MS OCT-181-003
Memory Upgrade: 128 MS to 1 GS OCT-181-005 900 N. State St.
Memory Upgrade: 128 MS to 2 GS 0OCT-181-007 Lockport, IL 60441-2200
36" SMB to BNC male cable ACC-001-001
36" SMB to BNC male cable - 4 pack ACC-001-003 Toll-Free (US and Canada):
6" SMB to BNC female cable ACC-001-011 phone 1-800-567-4243
6" SMB to BNC female cable - 4 pack ACC-001-013 _ _ _
6" SMB to SMB jumper cable ACC-001-021 fax 1-800-780-8411
6" SMB to SMB jumper cable - 4 pack ACC-001-023 .
eXpert™ Firmware Options Direct:
eXpert Signal Averaging Firmware Option 250-181-001 phone +1-514-633-7447
eXpert FIR Filtering Firmware Option 250-181-002 fax +1-514-633-0770
eXpert Peak Detection Firmware Option 250-181-003
eXpert Firmware Option bundle 888-100-026 Email:
(Signal Averaging, FIR Filtering and Peak Detection) o i

prodinfo@gage-applied.com
GageScope® Software
GageScope: Lite Edition Included : ;
GageScope: Standard Edition 300-100-351 To ﬁ.nd .your local sales representative
(with Purchase of CompuScope Hardware) or distributor or to learn more about
GageScope: Professional Edition 300-100-354 GaGe products visit:
(with Purchase of CompuScope Hardware) .
www.gage-applied.com

Software Development Kits (SDKs)
GaGe SDK Pack on CD 200-113-000
CompuScope SDK for C/C# 200-200-101
CompuScope SDK for MATLAB 200-200-102
CompuScope SDK for LabVIEW 200-200-103

Updated September 7, 2006
Copyright © 2006 Gage Applied Technologies. All rights reserved.
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Attenuators Fixed

Adapters Couplers DC Detectors Isolators & Phase Power Dividers and Terminations (50 Ohm Waveauide
P P Blocks Circulators Shifters Hybrids Loads) 9

SMA (M/F) DC to 18 GHz, 2 Watt

Features

= Flat Frequency Response

= Low VSWR

= 2 Watt Rating

= Designed to Meet Environmental
Requirements of MIL-A-3933

= Precision Stainless Steel SMA Connectors

Models
= 4779-1, 4779-2, 4779-3, 4779-4, 4779-5,
4779-6, 4779-7, 4779-8, 4779-9, 4779-10,
4779-11, 4779-12, 4779-13, 4779-14, 4779-15,
4779-16, 4779-17, 4779-18, 4779-19, 4779-20,
4779-30, 4779-40, 4779-50, 4779-60

Model 47791 4779-2 4779-3 4779-4 4779-5

VSWR (max) 4-12.4 G
Maximum Weight (o2

Special Notes:

A: Temperature Coefficient: 0.0006 dB/dB/°C; Power Coefficient: 0.0005 dB/dB/watt.

B: Ordering information: Specify model number and add dash number suffix for attenuation in dB. For example: 4772-10.

C: Standard attenuation values are typically available from stock in the following attenuation values: 3 dB, 6 dB, 10 dB, 20 dB, 30 db.
Non-standard attenuation values are available on a custom order basis. Minimum order quantity may apply. Consult factory for details.

435 Moreland Road e Hauppauge, New York 11788
56 TEL: (631) 231-1700 e FAX: (631) 231-1711
www.nardamicrowave.com e EMAIL: nardaeast@L-3com.com



Attenuators Fixed

Adapters

Detectors Isolators & Phase Power Dividers and Terminations (50 Ohm
Blocks Circulators Shifters Hybrids Loads)

SMA (M/F) DC to 18 GHz, 2 Watt

Couplers

Model 4779-6 4779-7 4779-8 4779-9 4779-10

VSWR (max) 4-12.4 Gz
aximum Weight o2

Special Notes:

A: Temperature Coefficient: 0.0006 dB/dB/°C; Power Coefficient: 0.0005 dB/dB/watt.

B: Ordering information: Specify model number and add dash number suffix for attenuation in dB. For example: 4772-10.

C: Standard attenuation values are typically available from stock in the following attenuation values: 3 dB, 6 dB, 10 dB, 20 dB, 30 db.
Non-standard attenuation values are available on a custom order basis. Minimum order quantity may apply. Consult factory for details.

Model 4779-11 4779-12 477913 4779-14 4779-15

VSWR (max) 4124 G
aximum Weignt o2

Special Notes:

A: Temperature Coefficient: 0.0006 dB/dB/°C; Power Coefficient: 0.0005 dB/dB/watt.

B: Ordering information: Specify model number and add dash number suffix for attenuation in dB. For example: 4772-10.

C: Standard attenuation values are typically available from stock in the following attenuation values: 3 dB, 6 dB, 10 dB, 20 dB, 30 db.
Non-standard attenuation values are available on a custom order basis. Minimum order quantity may apply. Consult factory for details.

435 Moreland Road e Hauppauge, New York 11788
TEL: (631) 231-1700 e FAX: (631) 231-1711
www.nardamicrowave.com e EMAIL: nardaeast@L-3com.com

Waveguide
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Attenuators Fixed

Adapters

58

Couplers DC Detectors Isolators & Phase Power Dividers and Terminations (50 Ohm
P Blocks Circulators Shifters Hybrids Loads)

SMA (M/F) DC to 18 GHz, 2 Watt

Model 4779-16 4779-17 4779-18 4779-19 4779-20

VSWR (max) 4-2.4 Gz
Maximum Weight (o2

Special Notes:

A: Temperature Coefficient: 0.0006 dB/dB/°C; Power Coefficient: 0.0005 dB/dB/watt.

B: Ordering information: Specify model number and add dash number suffix for attenuation in dB. For example: 4772-10.

C: Standard attenuation values are typically available from stock in the following attenuation values: 3 dB, 6 dB, 10 dB, 20 dB, 30 db.
Non-standard attenuation values are available on a custom order basis. Minimum order quantity may apply. Consult factory for details.

Model 4779-30 4779-40 4779-50 4779-60

VSWR (max) 4-12.4 Ghi
Maximum Weigh (o2

Special Notes:

A: Temperature Coefficient: 0.0006 dB/dB/°C; Power Coefficient: 0.0005 dB/dB/watt.

B: Ordering information: Specify model number and add dash number suffix for attenuation in dB. For example: 4772-10.

C: Standard attenuation values are typically available from stock in the following attenuation values: 3 dB, 6 dB, 10 dB, 20 dB, 30 db.
Non-standard attenuation values are available on a custom order basis. Minimum order quantity may apply. Consult factory for details.

435 Moreland Road e Hauppauge, New York 11788
TEL: (631) 231-1700 e FAX: (631) 231-1711
www.nardamicrowave.com e EMAIL: nardaeast@L-3com.com

Waveguide



Attenuators Fixed

SMA (M/F) DC to 18 GHz, 2 Watt

Outline Drawing for Models:
4779-1,4779-2, 4779-3, 4779-4, 4779-5, 4779-6, 4779-7, 4779-8, 4779-9, 4779-10, 4779-11, 4779-12,
4779-13, 4779-14, 4779-15, 4779-16, 4779-17, 4779-18, 4779-19, 4779-20, 4779-30

Notes:
Unless otherwise specified dimensions are max. and for reference only. Contact the factory for detailed specifications and outline drawing.

Outline Drawing for Models:
4779-40, 4779-50, 4779-60

Notes:
Unless otherwise specified dimensions are max. and for reference only. Contact the factory for detailed specifications and outline drawing.

435 Moreland Road e Hauppauge, New York 11788
TEL: (631) 231-1700 e FAX: (631) 231-1711
www.nardamicrowave.com e EMAIL: nardaeast@L-3com.com
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Digital Step Attenuator s oo

15.5dB, 0.5 dB Step, 5 Bit, Parallel Control Interface
Single Supply Voltage

Product Features

* Low Insertion Loss

* High IP3, +52 dBm Typ

* Excellent return loss, 20 dB Typ

* Excellent accuracy, 0.1 dB Typ

* Single Supply Voltage: +3V

* Control inputs buffered by Schmitt Triggers

* Rigid unibody case ZX76_1 5R5_PP+

* Protected by US patent 6,790,049

CASE STYLE: HK1172

Tvpical Appli . Connectors Order P/N Price Qty.
ypical Applications SMA ZX76-15R5-PP-S+ $7395ea. (1-9)
elLab

. Instrume_ntation + RoHS compliant in accordance

* Test equipment with EU Directive (2002/95/EC)

The +Suffix has been added in order to identify RoHS
Compliance. See our web site for RoHS Compliance
methodologies and qualifications.

General Description

The ZX76-15R5-PP+ is a 50Q RF digital step attenuator that offers an attenuation range up to 15.5 dB in 0.5
dB steps. The control is a 5-bit parallel interface. The model operates on a single +3 volt supply. See applica-
tion note AN-70-004 for 5V supply voltage. The ZX76-15R5-PP+ is produced using a unique case package for

ruggedness and operation in tough environments.

Simplified Schematic

o o 4 o 9 0 9 o 9 o
| RF Input '\og No—o” So—o” So—o” So—o” “9RF Out)

/ 8dB O O 4dB rO O 2dB O O 1dB (O 0+0.5dBrO

I i G i |

Internal Control Logic Interface

IParallel Control

[ Latch Enable

- - - - ® .

For detailed performance specs

m M I n I - c I rc u Its & shopping online see web site
IS0 9001 ISO 14001 AS 9100 CERTIFIED —y .

2 provides ACTUAL Data Instantly at miniciﬂlﬂs.w

P.O. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718) 332-4661 The Design Engineers Search Engine é;! i<

IF/RF MICROWAVE COMPONENTS

Notes: 1. Performance and quality attributes and conditions not expressly stated in this specification sheet are intended to be excluded and do not form a part of this specification sheet. 2. Electrical specifications
and performance data contained herein are based on Mini-Circuit's applicable established test performance criteria and measurement instructions. 3. The parts covered by this specification sheet are subject to
Mini-Circuits standard limited warranty and terms and conditions (collectively, “Standard Terms”); Purchasers of this part are entitled to the rights and benefits contained therein. For a full statement of the Standard
Terms and the exclusive rights and remedies thereunder, please visit Mini-Circuits’ website at www.minicircuits.com/MCLStore/terms.jsp.

Rev.C
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ZX76-15R5-PP+
EDR-7819
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Digital Step Attenuator

ZX76-15R5-PP+

RF Electrical Specifications, DC-4000 MHz, Taws=25°C, Vop=+3V

Parameter Fre?é::)n ge Min. Typ. Max. Units
DC-1 — 0.03 0.1 dB
Accuracy @ 0.5 dB Attenuation Setting 1-2.2 — 0.05 0.15 dB
2.2-4.0 — 0.1 0.35 dB
DC-1 — 0.02 0.1 dB
Accuracy @ 1 dB Attenuation Setting 1-2.2 — 0.05 0.15 dB
2.2-4.0 = 0.1 0.35 dB
DC-1 — 0.05 0.15 dB
Accuracy @ 2 dB Attenuation Setting 1-2.2 — 0.15 0.25 dB
2.2-4.0 — 0.2 0.6 dB
DC-1 — 0.07 0.2 dB
Accuracy @ 4 dB Attenuation Setting 1-2.2 — 0.15 0.25 dB
2.2-4.0 = 0.18 0.6 dB
DC-1 — 0.03 0.2 dB
Accuracy @ 8 dB Attenuation Setting 1-2.2 — 0.15 0.3 dB
2.2-4.0 — 0.5 0.6 dB
DC-1 — 1.5 2.0 dB
Insertion Loss @ all attenuator set to 0dB 1-2.2 — 1.8 25 dB
2.2-4.0 = 3.0 4.5 dB
IP3 Input * (at Min. and Max. Attenuation) DC-2.2 — +52 — dBm
2.2-4.0 — +42 — dBm
Input Power @ 0.2dB Compression* . _ _
(at Min. and Max. Attenuation) bC-4.0 +24 dBm
DC-1 — 1.2 1.5 —
VSWR 1-2.2 — 1.2 1.5 -
2.2-4.0 — 1.8 21 -
*|P3 and 1dB compression degrade below 1 MHz
DC Electrical Specifications
Parameter Min. Typ. Max. Units
Vob, Supply Voltage 2.7 3 3.3 Vv
Ipp, Supply Current — —_ 3 mA
Control Input Voltage Low 0 — 0.3xVob \
Control Input Voltage High 0.7xVop — 5V \
Control Current — — 400 pA
Switching Specifications
Parameter Min. Typ. Max. Units
Switching Speed, 50% Control to 0.5dB . .
of Attenuation Value 1.0 uSec
Switching Control Frequency — — 25 kHz
Absolute Maximum Ratings
Parameter Ratings
Operating Temperature -40°C to 85°C
Storage Temperature -40°C to 85°C
Vbb -0.3V Min., 4V Max.
Voltage on Control Input -0.3V Min., 6V Max.
ESD, HBM 500V
ESD, MM 100V
Input Power +24dBm

Permanent damage may occur if any of these limits are exceeded

Mini-Circuits
1SO 9001 ISO 14001 AS 9100 CERTIFIED
P.O. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718) 332-4661 The Design Engineers Search Engine

IF/IRF MICROWAVE COMPONENTS

Notes: 1. Performance and quality attributes and conditions not expressly stated in this specification sheet are intended to be excluded and do not form a part of this specification sheet. 2. Electrical specifications

and performance data contained herein are based on Mini-Circuit's applicable established test performance criteria and measurement instructions. 3. The parts covered by this specification sheet are subject to

Mini-Circuits standard limited warranty and terms and conditions (collectively, “Standard Terms”); Purchasers of this part are entitled to the rights and benefits contained therein. For a full statement of the Standard Page 2 of 10
Terms and the exclusive rights and remedies thereunder, please visit Mini-Circuits” website at www.minicircuits.com/MCLStore/terms.jsp.
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2 Provides ACTUAL Data Instantly at miniciﬂlits.c_gn,



Digital Step Attenuator ZX76-15R5-PP+

Pin Description Pin Configuration
Function A Description
Number TOP VIEW
LE J1-1 Latch Enable Input J2 J3
C1 J1-2 Control for attenuation bit, 1 dB _\ [a [a /_
Co0.5 J1-3 | Control for attenuation bit, 0.5 dB I:D: :[D
N/C J1-4 Not Connected ﬁp'] | RN RFouT
- J1-5 | Not used P2 =L anp
- Nﬂ:ﬂﬁ +VDD
GND J1-6 Ground connection
GND J1-7 Ground connection IQJ IQJ
C4 J1-8 Control for attenuation bit, 4 dB
(61:] J1-9 Control for attenuation bit, 8 dB
c2 J1-10 Control for attenuation bit, 2 dB J2 SIDEVIEW  j4 J3
RF in J2 RF in port (Note 1)
RF out J3 RF out port (Note 1)
GND P1 Ground connection
Vobp P2 Positive Supply Voltage

Note 1: Both RF ports must be held at 0VDC or DC blocked with an external
series capacitor.

Cable Pin Description

l\]jJr-nPl;:r l\]j:r-npl;Zr Function Description Wire Color
Ji1-1 J4-8 LE Latch Enable Input WHITE
J1-2 J4-3 C1 Control for attenuation bit, 1 dB YELLOW
J1-3 J4-2 C0.5 Control for attenuation bit, 0.5 dB | GREEN
J1-5 J4-7 - Not used BLUE
J1-6 J4-20 GND Ground connection BLACK
J1-8 J4-5 C4 Control for attenuation bit, 4 dB ORANGE
J1-9 J4-6 c8 Control for attenuation bit, 8 dB BROWN
J1-10 J4-4 c2 Control for attenuation bit, 2 dB RED

Note: Other pins not connected. Cable shield connected to case ground.

- - - - ® .
I I For detailed performance specs
M I n I - c I rc u Its & shopping online see web site
ISO 9001 ISO 14001 AS 9100 CERTIFIED s — .,
P.0. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718) 332-4661 The Design Engineers Search Engine F2z442 Provides ACTUAL Data Instantly at miniciﬂliis.cgn
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ATTENUATION (dB) INSERTION LOSS (dB)

ATTENUATION (dB)

Digital Step Attenuator ZX76-15R5-PP+

Typical Performance Curves
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RETURN LOSS (dB)

RETURN LOSS (dB)

Digital Step Attenuator ZX76-15R5-PP+

Typical Performance Curves

ATTENUATION (15.5 dB)

195 |
18.5 —-40°C |—
—+25°C
o 175 —+85°C | |
2 65
Z
S 55 I =
K T T Xz
= 145
> \
E 13.5 \
:: 125
15
105
0 1000 2000 3000 4000 5000 6000
FREQUENCY (MHz)
RETURN LOSS IN (Ref) RETURN LOSS OUT (Ref)
50 | 40
45 —-40°C — —-40°C
—+25°C % —+25°C | |
40 —+85°C [ —_ —+85°C
m 30
35 S
30 A\ 3 25
™\ S N\
25 ﬂ/ \\ ; 20
20 1 [ 15 /\ﬁx/\-% \\
15 e E— N \ 2 N
N ';.':‘ 10
10 N —~
5 B 5
0 0
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
FREQUENCY (MHz) FREQUENCY (MHz)
RETURN LOSS OUT (Major Atten. Steps) RETURN LOSS IN (Major Atten. Steps)
@ +25°C @ +25°C
50 ‘ 50 ‘
45 —odB | | 5 —o0dB
~0.5dB —~0.5dB
40 1dB & 40 1dB |
35 --2d8 || T 35 --2d8 | |
—--4dB »n —-—4dB
30 —-—8d8 [ 17,] f —-8d8 [ |
25 15.5 dB 9 \ 15.5dB| |
20 M& J/\ g \
FOUUUUUE S < A E
15 ) NG
" SSERE N
5 5 _
0 0
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
FREQUENCY (MHz) FREQUENCY (MHz)

- - - - ® .
For detailed performance specs
m M I n I - c I rc u Its & shopping online see web site
1SO 9001 ISO 14001 AS 9100 CERTIFIED
P.O. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718) 332-4661 The Design Engineers Search Engine

IF/IRF MICROWAVE COMPONENTS

Notes: 1. Performance and quality attributes and conditions not expressly stated in this specification sheet are intended to be excluded and do not form a part of this specification sheet. 2. Electrical specifications
and performance data contained herein are based on Mini-Circuit's applicable established test performance criteria and measurement instructions. 3. The parts covered by this specification sheet are subject to

Provides ACTUAL Data Instantly at miniciﬁlits.cgn

Mini-Circuits standard limited warranty and terms and conditions (collectively, “Standard Terms”); Purchasers of this part are entitled to the rights and benefits contained therein. For a full statement of the Standard Page 5 of 10

Terms and the exclusive rights and remedies thereunder, please visit Mini-Circuits” website at www.minicircuits.com/MCLStore/terms.jsp.



IP3 (dBm)

IP3 (dBm)

IP3 (dBm)

Digital Step Attenuator

ZX76-15R5-PP+

Typical Performance Curves

IP3 (Major Atten. Steps) @ +25°C
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Digital Step Attenuator ZX76-15R5-PP+

Outline Drawing
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Outline Dimensions ('iS)

WT.
A B C D E F G H J K L M N [? Q R S GRAMS
1.20 .75 .46 1.18 .04 A7 .45 .59 .33 .21 .22 18 1.00 .50 .35 18 .106 35
30.5 | 191 11.6 | 30.0 1.0 4.3 11.4 | 149 8.3 5.3 5.6 4.6 254 | 127 8.9 4.6 2.69

Recommended Mounting Hardware:

Use UNC#2 pan head screws with internal tooth lock washers for unit mounting.
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Digital Step Attenuator ZX76-15R5-PP+

Simplified Schematic

TRl e e ol oD
T 57 97 5T 7

Internal Control Logic Interface
Latch Enable

|

The ZX76-15R5-PP+ parallel interface consists of 5 control bits that select the desired attenuation state, as
shown in Table 1: Truth Table

Table 1. Truth Table

Attepuation | cg | ca | c2 | c1 | cos
Reference 0 0 0 0 0
0.5 (dB) 0 0 0 0 1
1 (dB) 0 0 0 1 0
2 (dB) 0 0 1 0 0
4 (dB) 0 1 0 0 0
8 (dB) 1 0 0 0 0
15.5 (dB) 1 1 1 1 1
Note: Not all 32 possible combinations of C0.5 - C8 are shown
in table

The parallel interface timing requirements are defined by Figure 1 (Parallel Interface Timing Diagram) and
Table 2 (Parallel Interface AC Characteristics), and switching speed.

For latched parallel programming the Latch Enable (LE) should be held LOW while changing attenuation
state control values, then pulse LE HIGH to LOW (per Figure 1) to latch new attenuation state into device.

For direct parallel programming, the Latch Enable (LE) line should be pulled HIGH. Changing attenuation
state control values will change device state to new attenuation. Direct mode is ideal for manual control of the
device (using hardwire, switches, or jumpers).

Control cables for programming and CD with software can be ordered separately. For details see page 9.

Figure 1: Parallel Interface Timing Diagram

Table 2. Parallel Interface AC Characteristics

LE
Symbol Parameter Min. Units
tLEPW LE minimum pulse width 10 ns
t Data set-up time before 10 -
Parallel Data PDSUP | clock rising edge of LE
C8:C0.5 Data hold time after clock 10 ns

tPDHLD falling edge of LE

t
topsup LEPW t
Power-up State

When the attenuator powers up and LE is logic low, the nominal attenuation is set on 0 dB. When LE is logic high,
the nominal attenuation selected upon control logics ( see Table 1).

PDHLD
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Digital Step Attenuator ZX76-15R5-PP+

Recommended Accessories

Two optional cable accessories with and without interface connector are available with ZX76-15R5-PP+,
the ZX76-CP+ and ZX76-WP+.

ZX76-CP+ shielded cable with interface 25 pin D-type connector and supplied software are used to control the
ZX76-15R5-PP+ digital attenuator from a computer, using LPT port.

ZX76-WP+ shielded cable without interface 25 pin D-type connector enables customer to use the ZX76-15R5-PP+
digital attenuator in his own application. Cable length is 4.9 feet / 1.5 meters.

Note: Mini-Circuits can supply control cables with other options for the J4 connector and/or different cable lengths.
Consult factory with your specific requirements.

ZX76-CP+ Control Cable

—
[

s ¢ (( 4

i1 P

|

ZX76-CP+ wiring information

l\;jJr-nPI;Zr l\]l::l;:r Function Description Wire Color
J1-1 J4-8 LE Latch Enable Input WHITE
J1-2 J4-3 C1 Control for attenuation bit, 1 dB YELLOW
J1-3 J4-2 C0.5 Control for attenuation bit, 0.5 dB | GREEN
J1-5 Ja-7 - Not used BLUE
J1-6 J4-20 GND Ground connection BLACK
J1-8 J4-5 C4 Control for attenuation bit, 4 dB ORANGE
J1-9 J4-6 C8 Control for attenuation bit, 8 dB BROWN
J1-10 J4-4 c2 Control for attenuation bit, 2 dB RED

Note: Other pins not connected. Cable shield connected to case ground.
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Digital Step Attenuator ZX76-15R5-PP+

ZX76-WP+ Control Cable

( (

g b
[
—

AN

ZX76-WP+ wiring information

Nuf:l‘)er Function Description Wire Color
Ji1-1 LE Latch Enable Input WHITE
J1-2 C1 Control for attenuation bit, 1 dB YELLOW
J1-3 C0.5 Control for attenuation bit, 0.5 dB | GREEN
J1-5 - Not used BLUE
J1-6 GND Ground connection BLACK
J1-8 C4 Control for attenuation bit, 4 dB ORANGE
J1-9 (6] Control for attenuation bit, 8 dB BROWN
J1-10 c2 Control for attenuation bit, 2 dB RED

Note: Other pins not connected. Cable shield connected to case ground.

Ordering Information

Quantity Price
Model Number Description Min. $
No. of Units Ea.
Digital attenuator - Parallel interface

ZX76-15R5-PP-S+ Single Positive Supply Voltage 1-9 73.95
ZX76-CP+ Cable accessory with interface connector 1 24.95
ZX76-WP+ Cable accessory without interface connector 1 22.95
ZX76-CD* CD ROM ZX76 programming software 1 No Charge

*Note: To receive the CD, request when placing order.
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5 Volt-Surface Mount

Monolithic Amplifier  pbc-7 GH:z

Product Features

* High Gain, 24 dB typ. at 100 MHz

* High Pout, P1dB 20.5 dBm typ. at 100 MHz
* High IP3, 37 dBm typ. at 100 MHz

* Ruggedized design

e Fixed 5V operation GVA'84+

* Unconditionally stable

* Excellent ESD Protection CASE STYLE: DF782
» Transient protected, US patent 6,943,629 PRICE:$1.82 . QTY. (30)

+ RoHS compliant in accordance
Typical Applications with EU Directive (2002/95/EC)
* Base station infrastructure The +Suffix has been added in order to identify RoHS
o P ortabl e Wi rel ess Compliance.' See our we_p sitt_e for RoHS Compliance
. CATV & DBS methodologies and qualifications.
* MMDS & Wireless LAN
L TE

General Description

GVA-84+ (RoHS compliant) is a wideband amplifier offering high dynamic range. Lead finish is SnAgNi.
It has repeatable performance from lot to lot and is enclosed in a SOT-89 package. It uses patented
Transient Protected Darlington configuration and is fabricated using InGaP HBT technology.

simplified schematic and pin description

RF-OUT and DC-IN

3 RF-OUT & DC-IN
RF IN
4 2 GROUND
1 RF-IN

GROUND

Function Pin Number Description

RF IN 1 RF input pin. This pin requires the use of an external DC blocking capacitor chosen
for the frequency of operation.
RF output and bias pin. DC voltage is present on this pin; therefore a DC blocking

RF-OUT and DC-IN 3 cgpacnor is necessary for proper operatlon. An BF choke is ne'ed“ed to feed DC bias

without loss of RF signal due to the bias connection, as shown in “Recommended
Application Circuit”, Fig. 2
Connections to ground. Use via holes as shown in “Suggested Layout for PCB

GND 2,4 o ;
Design” to reduce ground path inductance for best performance.

- - - - ® .
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Monolithic InGaP HBT MMIC Amplifier GVA-84+

Electrical Specifications( at 25°C and 5V, unless noted

Parameter Condition Min. Typ. Max. Units
(GHz)

Frequency Range® DC 7 GHz
Gain 0.1 22.9 241 25.3 dB

1.0 21.7

2.0 17.4 18.4 19.9

3.0 16.0

4.0 13.8 14.6 16.3

6.0 125

7.0 10.5
Magnitude of Gain Variation versus Temperature®® 0.1 0.0004 dB/°C
(values are negative) 1.0 0.0021

2.0 0.0032 0.006

3.0 0.0044

4.0 0.0058

6.0 0.0131

7.0 0.0175
Input Return Loss 0.1 22.9 dB

1.0 20.6

2.0 15.0 18.5

3.0 18.1

4.0 19.1

6.0 17.9

7.0 11.9
Output Return Loss 0.1 23.3 dB

1.0 10.7

2.0 6.0 7.7

3.0 71

4.0 7.0

6.0 6.3

7.0 5.6
Reverse Isolation 2.0 26.5 dB
Output Power @1 dB compression 0.1 19.4 20.4 dBm

1.0 19.5 20.5

2.0 19.6 20.6

3.0 21.0

4.0 19.9

6.0 17.0

7.0 15.6
Saturated Output Power 0.1 21.7 dBm
(at 3dB compression) 1.0 22.3

2.0 22.3

3.0 22.2

4.0 21.0

6.0 18.9

7.0 17.2
Output IP3 0.1 33.0 36.7 dBm

1.0 32.2 35.8

2.0 32.9 36.6

3.0 35.8

4.0 34.9

6.0 33.0

7.0 32.0
Noise Figure 0.1 55 6.5 dB

1.0 5.6

2.0 55 6.5

3.0 55

4.0 5.6 6.6

6.0 6.2

7.0 6.8
Group Delay 2.0 94 psec
Device Operating Voltage 4.8 5.0 5.2 \
Device Operating Current 85 108 130 mA
Device Current Variation vs. Temperature 61.8 pA/°C
Device Current Variation vs Voltage 0.058 mA/mV
Thermal Resistance, junction-to-ground lead 64 °C/W

(1 Measured on Mini-Circuits test board TB-313. See Characterization Test Circuit (Fig. 1)
@ Guaranteed specification DC-7 GHz. Low frequency cut off determined by external coupling capacitors and external bias choke.

() (Gain at 85°C - Gain at -45°C)/130 = = - - ® .
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Monolithic InGaP HBT MMIC Amplifier GVA-84+

Absolute Maximum Ratings

Parameter Ratings
Operating Temperature (ground lead) -45°C to 85°C
Storage Temperature -65°C to 150°C
Operating Current at 5V 160mA
Power Dissipation 1w
Input Power 13 dBm
DC Voltage on Pin 3 5.8V
Note:

Permanent damage may occur if any of these limits are exceeded.
Electrical maximum ratings are not intended for continuous normal operation.

Characterization Test Circuit
Vcce (Supply voltage)

+5V
pogmmom - '
AF-N (@ —— : H RF-OUT
L BlKds+ ! .__=DUuT, Bias-Tee -

Fig 1. Block Diagram of Test Circuit used for characterization. (DUT soldered on Mini-Circuits Test Board TB-313)

Gain, Output power at 1dB compression (P1 dB) and output IP3 (OIP3) are measured using R&S Network Analyzer ZVA-24.
Noise Figure measured using Agilent’'s N5242A PNA-X microwave network analyzer.

Conditions:
1. Gain and Return loss: Pin= -25dBm
2. Output IP3 (OIP3): Two tones, spaced 1 MHz apart, 0 dBm/tone at output.

- - - - ® .
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Monolithic InGaP HBT MMIC Amplifier GVA-84+

Product Marking

V84

1IN

Additional Detailed Technical Information

Additional information is available on our web site. To access this information enter the model number on
our web site home page.

Performance data, graphs, s-parameter (S2P FILES) data set (.zip file)
Case Style: DF782 (SOT 89)

Plastic package, exposed paddle, lead finish: tin/silver/nickel

Tape & Reel: F55

Suggested Layout for PCB Design: PL-255

Evaluation Board: TB-410-84+

Environmental Ratings: ENV08T2

Recommended Application Circuit

ouT

vd Cblock

Fig 2. Test Board includes case, connectors, and components soldered to PCB

- - - - ® ;
For detailed performance specs
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Monolithic InGaP HBT MMIC Amplifier GVA-84+

ESD Rating
Human Body Model (HBM): Class 1C (1000v to < 2000v) in accordance with ANSI/ESD STM 5.1 - 2001

Machine Model (MM): Class M2 (100V to < 200V) in accordance with ANSI/ESD STM 5.2 - 1999

MSL Rating
Moisture Sensitivity: MSL1 in accordance with IPC/JEDECJ-STD-020C

MSL Test Flow Chart

V'SU"%I > Electrical Test > SAM Analysis
Inspection
Reflow 3 cycles, < OSoak < Bake at 125°C,
o = 85°C/85RH <
260°C 24 hours
168 hours
Visual > 9 > )
H Electrical Test SAM Analysis
Inspection

- - - - ® .
For detailed performance specs
m M I n I - c I rc u Its & shopping online see web site
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Coaxial

Power Splitter/Combiner

2 Way-0° 500

Maximum Ratings
Operating Temperature
Storage Temperature
Power Input (as a splitter) 10W max.

Internal Dissipation 0.125W max.
Permanent damage may occur if any of these limits are exceeded.

-55°C to 100°C
-55°C to 100°C

Coaxial Connections

SUM PORT S
PORT 1 1
PORT 2 2

2000 to 4200 MHz

Features

* wideband, 2000 to 4200 MHz

* low insertion loss, 0.4 dB typ.

* good isolation, 25 dB typ.

* up to 10W power input as splitter

» excellent amplitude unbalance, 0.1 dB typ.

* excellent phase unbalance, 0.5 deg. typ.
* rugged shielded case

Applications
* MMDS

*ISM

* wireless

ZAPD-4+

@

N-Type version shown
CASE STYLE: F14

—

Connectors Model Price Qty.
N-TYPE ZAPD-4-N+ $64.95  (1-9)
SMA ZAPD-4-S+ $64.95  (1-9)

+ RoHS compliant in accordance
with EU Directive (2002/95/EC)

The +Suffix has been added in order to identify RoHS
Compliance. See our web site for RoHS Compliance
methodologies and qualifications.

* communication systems
e instrumentation

Electrical Specifications

FREQ. ISOLATION INSERTION LOSS (dB) PHASE AMPLITUDE
RANGE (dB) ABOVE 3.0dB UNBALANCE UNBALANCE
(MHz) (Degrees) (dB)
Outline Drawing _
fi-fy Typ. Min Typ. Max. Max. Max.
G DIA TYP THRU 2000-4200 25 19 04 08 6 0.4
+ [——
I——E[-“ T Typical Performance Data
L “‘-E— @ Frequency Total Loss' Amplitude Isolation Phase VSWR VSWR VSWR
‘_ (MHz) (dB) Unbalance (dB) Unbalance S 1 2
I - ] N (dB) (deg.)
N 3 s-1 s-2
! C
- M 2000.00 3.29 3.28 0.01 21.06 0.12 1.33 1.10 1.10
8 ¢ 2055.00 3.32 3.32 0.00 21.81 0.06 1.32 11 11
2165.00 3.36 3.36 0.00 23.52 0.02 1.28 112 112
2275.00 3.28 3.28 0.01 25.26 0.06 1.26 1.12 113
2385.00 3.26 3.26 0.01 27.29 0.06 1.25 1.14 1.16
2550.00 3.21 3.22 0.01 30.80 0.03 1.23 1.16 1.19
i i i inch 2715.00 3.26 3.26 0.00 34.52 0.07 1.22 1.15 1.20
ou“lne DImenSlons (mm 2880.00 3.27 3.27 0.01 35.28 0.11 1.24 1.19 1.25
A B C D E F G 3100.00 3.19 3.19 0.01 31.23 0.05 1.23 1.20 1.27
200 200 075 1.00 025 1.500 0.125 3320.00 3.30 3.28 0.02 28.17 0.13 1.25 1.22 1.28
50.80 50.80 19.06 2540 635 38.10 3.18 3540.00 3.25 3.23 0.02 26.28 0.06 1.20 1.21 1.26
3760.00 3.31 3.28 0.02 25.49 0.06 1.16 1.15 1.20
H J K L wt 3980.00 3.27 3.24 0.04 25.51 0.02 1.10 113 1.17
039 100 050 1.00 grams 4090.00 3.16 3.12 0.03 25.74 0.04 1.09 1.10 1.15
9.91 2540 12.70 25.40 170.0 4200.00 3.27 3.24 0.04 25.99 0.02 1.10 1.08 1.13
1. Total Loss = Insertion Loss + 3dB splitter loss.
ZAPD-4+ ZAPD-4+
TOTAL LOSS ISOLATION
35 40
—S-1(dB) — -S-2(dB)
= 35
g 8
e =2
833 /\ P z 30
Zs2 AN / %25 | T
g 3
Q31 =20
3.0 15 T
2000 2440 2880 3320 3760 4200 2000 2440 2880 3320 3760 4200
FREQUENCY (MHz) FREQUENCY (MHz)
ZAPD-4+
VSWR
1.5 ‘ ‘ ‘ : . .
[iovowr — sivene -~ savowr] electrical schematic
1.4
PORT 1
1.3 4 B
5 PORT S
>1.2 4 \
11 \ PORT 2
1.0
2000 2440 2880 3320 3760 4200
FREQUENCY (MHz)
m M H H c H -t ® For detailed performance specs
In I - I rc u I s & shopping online see web site
1SO 9001 1SO 14001 AS 9100 CERTIFIED — REV.C
P.0. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718) 332-4661 The Design Engineers Search Engine Pif2 Provides ACTUAL Data Instantly at miniciﬁ:its.ggn M127604
o
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and performance data contained herein are based on Mini-Circuit's applicable established test performance criteria and measurement instructions.
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FEATURES AND APPLICATION:

180° hybrid adopts strip line structure, it gets low
insertion loss, high isolation, good amplitude and phase accuracy, and high
power handling.
Broad band 180° hybrid is mainly used for EW, radar fields,
combining power, discovering and tracking signal, single pulse radar and
antenna and feeder system.

TECHNICAL SPECIFICATIONS:

Frequency Insertion . Amplitude
Range T o Isolation VSWR Bellmee
2-4GHz 0.60dB 20dB 1.60 +0.5dB
Phase Power
Balance Clomieeiios Handling

+10° SMA-F S0W

ENVIRONMENTAL PARAMETERS:

WORKING TEMPERATURE: -55~+85C
STORAGE TEMPERATURE: -55~+100C

OUTLINE: 4,

35£0.2
(1.38)

(2- @.11) Tz

~
+1 n
@ S
g:E;L FE;} T
) IN2
N
oy e
HE 578
o N o
< n <
A z

4875
(1.89)

TYPICAL PLOT:

Insertion loss

Isolation

Phase Balance

VSWR(outnut)




SW-475

SPDT High Isolation Terminated Switch
0.5-3.0 GHz

M

Technology Solutions

Rev. V6

Features

o Positive Voltage Control (0 / +5 V)

e High Isolation (53 dB typ. @ 0.9 GHz,
50 dB typ @ 1.9 GHz)

e 50-Ohm Internal Terminations

e Low Insertion Loss (0.6 dB typ. @ 0.9 GHz,
0.7 dB typ. @ 1.9 GHz)

e 4 mm 16-Lead PQFN Package

Description

The M/A-COM SW-475 GaAs monolithic switch
provides high isolation in a low-cost, plastic surface
mount package. The SW-475 is ideal for
applications across a broad range of frequencies
including synthesizer switching, transmit / receive
switching, switch matrices and filter banks in
systems such as radio and cellular equipment, PCS,
GPS, and fiber optic modules.

M/A-COM fabricates the SW-475 using a 1.0-micron

gate length MESFET process. The process features
full chip passivation for performance and reliability.

Ordering Information *

Part Number Package
SW-475 PIN Bulk Packaging
SW-475TR 1000 piece reel

SW-475TR-3000 3000 piece reel

SW-475SMB Sample board

1. Reference Application Note M513 for reel size information.

Absolute Maximum Ratings *

Parameter Absolute Maximum
Input Power (0.5 - 3.0 GHz)
3V Control +30 dBm
5V Control +33 dBm
Operating Voltage +8.5 volts
Operating Temperature -40°C to +85°C
Storage Temperature -65°C to +150°C

2. Exceeding any one or combination of these limits may cause
permanent damage to this device.

Functional Schematic

16 15 14 13
RF2 LH jlj_ HJ RF1
1 j—¥ - {—C 12
2 o\ \,
3 L (] 10
- <\3
4 [ | 1 o
Vi Q -
V2 m h ﬁ =
5 6 7 8
PIN Configuration
Pin Function Description
1 RF2 RF port
2 GND RF ground
3 GND RF ground
4 V1 Control 1
5 V2 Control 2
6 GND RF ground
7 RFC RF port
8 GND RF ground
9 GND RF ground
10 GND RF ground
11 GND RF ground
12 RF1 RF port
13 GND RF ground
14 GND RF ground
15 GND RF ground
16 GND RF ground
17 (pad)® GND RF ground

3. The exposed pad centered on the package bottom must be
connected to RF and DC ground.

ADVANCED: Data Sheets contain information regarding a product M/A-COM Technology Solutions
is considering for development. Performance is based on target specifications, simulated results,
and/or prototype measurements. Commitment to develop is not guaranteed.

PRELIMINARY: Data Sheets contain information regarding a product M/A-COM Technology
Solutions has under development. Performance is based on engineering tests. Specifications are
typical. Mechanical outline has been fixed. Engineering samples and/or test data may be available.
Commitment to produce in volume is not guaranteed.

» North America Tel: 800.366.2266 + Europe Tel: +353.21.244.6400
 India Tel: +91.80.43537383 * China Tel: +86.21.2407.1588

Visit www.macomtech.com for additional data sheets and product information.

M/A-COM Technology Solutions Inc. and its affiliates reserve the right to make
changes to the product(s) or information contained herein without notice.
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SW-475

SPDT High Isolation Terminated Switch
0.5-3.0 GHz Rev. V6

Electrical Specifications 4 Tpo=25°C,Ver,=0,5.0V (unless otherwise specified)

Parameter Test Conditions Units Min. Typ. Max.
0.5- 1 GHz dB — 0.6 0.7
Insertion Loss 1.0-2.0 GHz dB — 0.7 0.8
2.0-3.0 GHz dB — 0.75 0.9
0.5-1GHz dB 51 54 —
Isolation 1.0-2.0GHz dB 48 52 —
2.0 - 3.0 GHz dB 45 50 —
0.5-1GHz dB 15 20 —
Return Loss 1.0-2.0 GHz dB 15 20 —
2.0 - 3.0 GHz dB 15 20 —
Input IP, 2-Tone 900 MHz, 5 MHz spacing (V¢ = 5.0 V) dBm — 83 —
Input IP3 2-Tone 900 MHz, 5 MHz spacing (V¢ = 5.0 V) dBm — 46 —
1GHz, 5V dBm — 27 —
P1dB 1GHz, 3V dBm — 18 —
1GHz, 5V dBm — 24 —
PO.1dB 1GHz,3V dBm — 11 —
Trises TrALL 10% to 90% RF & 90% to 10% RF nS — 24 —
TONy TOFF 50% of VC to 10 % / 90% RF nS — 15 —
Transients V¢ = 5.0 V square wave, in-band mV — 12 —
Control Current |ve| =4.5V,0dBm pA — 2 13

4. DC blocking capacitors requires on all RF ports.

Truth Table ® Handling Procedures
Please observe the following precautions to avoid
V1 V2 RFC - RF1 RFC - RF2 damage:
0 1 ON OFF

Static Sensitivity

Gallium Arsenide Integrated Circuits are sensitive

5. External DC blocking capacitors required on all RF ports. to electrostatic discharge (ESD) and can be
We recommend 47 pF. damaged by static electricity. Proper ESD control

techniques should be used when handling these

1 0 OFF ON

Logic Level Voltage Level devices.
0 ovzo02Vv
1 3.0Vto8.0V

ADVANCED: Data Sheets contain information regarding a product M/A-COM Technology Solutions « North America Tel: 800.366.2266 -« Europe Tel: +353.21.244.6400

is considering for development. Performance is based on target specifications, simulated resuits, « India Tel: +91.80.43537383 « China Tel: +86.21.2407.1588
and/or prototype measurements. Commitment to develop is not guaranteed. - L . .
PRELIMINARY: Data Sheets contain information regarding a product M/A-COM Technology Visit www.macomtech.com for additional data sheets and product information.

Solutions has under development. Performance is based on engineering tests. Specifications are
typical. Mechanical outline has been fixed. Engineering samples and/or test data may be available. M/A-COM Technology Solutions Inc. and its affiiates reserve the right to make
Commitment to produce in volume is not guaranteed. changes to the product(s) or information contained herein without notice.



SW-475

SPDT High Isolation Terminated Switch
0.5-3.0 GHz Rev. V6

Typical Performance Curves

M

Technology Solutions

Return Loss Vs. Frequency Insertion Loss Vs. Temperature
30 l l l 0.8
Output RL "OFF" State
— — Input Return Loss "ON" State /\'\
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EXPOSED PAD
NOTES

1. REFERENCE JEDEC MO-220, VAR. VGGC FOR ADDITIONAL DIMENSIONAL AND
TOLERANCE INFORMATION.

2. REFERENCE S2083 APPLICATION NOTE FOR PCB FOOTPRINT INFORMATION

3. ALL DIMENSIONS SHOWN AS INCHES/MM

ADVANCED: Data Sheets contain information regarding a product M/A-COM Technology Solutions « North America Tel: 800.366.2266 -« Europe Tel: +353.21.244.6400
is considering for development. Performance is based on target specifications, simulated results, « India Tel: +91.80.43537383 « China Tel: +86.21.2407.1588
and/or prototype measurements. Commitment to develop is not guaranteed. - . . .
PRELIMINARY: Data Sheets contain information regarding a product M/A-COM Technology Visit www.macomtech.com for additional data shests and product information.
Solutions has under development. Performance is based on engineering tests. Specifications are
typical. Mechanical outline has been fixed. Engineering samples and/or test data may be available.

M/A-COM Technology Solutions Inc. and its affiliates reserve the right to make
Commitment to produce in volume is not guaranteed.

changes to the product(s) or information contained herein without notice.
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