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ABSTRACT
The Arecibo Observatory’s radio telescope studies the upper regions of the
atmosphere using its 430 MHz receiver system. The current receiver has limited dynamic
range and can saturate when detecting high power signals. The receiver is also plagued
with a lengthy recovery time when overpowered by leakage from the nearby radar
transmitter pulse.

In this paper, a new design of a low noise amplifier (LNA) is

presented, which will extend the receiver’s sensitivity and exhibit a faster recovery time
from interference caused by the radar’s transmitter pulse. In addition, a compact high
temperature superconducting (HTS) bandpass filter is introduced to the receiver chain to
replace the receiver’s current cavity resonator filter. This newly designed planar filter
improves the rejection of undesired signals detected by the 430 MHz receiver chain.
Prototypes of both the low noise amplifier and bandpass filter have been
designed, fabricated, and tested with successful results.

Arranged in a balanced

configuration, the LNA employs Gallium Arsenide (GaAs) high electron mobility
transistor (HEMT) packaged-integrated circuits selected for their low noise
characteristics.

The amplifier prototypes were tested at room temperature and in a

cryogenic environment. Final verification of the amplifier design involved precision
cryogenic noise temperature measurement techniques commonly used in the field of
radio astronomy instrumentation. Such methods eliminate many errors present in the
standard cryogenic measurements.

In addition, the bandpass filter design utilizes

distributed microstrip elements to be fabricated from an Yttrium Barium Copper Oxide
(YBCO) thin film superconductor on a Magnesium Oxide (MgO) substrate. The new
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filter prototype uses interdigital and hairpin resonators to improve spurious suppression
and size reduction. This thesis will present a full description of the design process,
validation, measurements, and results of each prototype’s performance. From analysis of
the measurement results, the optimal amplifier and filter are selected as the new receiver
components.
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Chapter 1
Introduction and Motivation
The Arecibo Observatory's radio telescope in Arecibo, Puerto Rico [6] houses
numerous receivers and transmitters for purposes of radio astronomy, planetary
observation, and atmospheric exploration. The telescope’s radar and remote sensing
systems are utilized for making aeronomical observations along with galactic and extragalactic radio astronomy observations. The observatory studies various characteristics of
the upper regions of the atmosphere from observing the plasma waves to detecting
meteors. The radio telescope uses incoherent scatter radar (ISR) to perform plasma line
studies on ion acoustic waves and Langmuir waves in the ionosphere.
The ionosphere is considered a transition region where critical information about
the atmosphere can be gathered. The observatory’s ultra high frequency (UHF) radar is
used to measure the low power signals backscattered by changes in density in the
ionosphere caused by the random thermal motion of ions and electrons [22]. Using
incoherent scatter radar, the observatory is able to characterize a variety of ionospheric
parameters.

The most basic measurement is electron concentration, which can be

quantified using two methods. One common measurement technique uses the total power
in the ion line, a spectral feature that contains most of the scattered power. Accurate
measurement requires reasonably strong signal to noise ratio (SNR), which is easily
obtained near the peak of the highest region (F region) of the ionosphere. However, the
measurement requires a receiver with a low system noise temperature to observe very
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high and very low altitudes. The other method measures the frequency of the plasma
line, where Langmuir waves are enhanced above the thermal level by fast electrons
produced during ionization. This method can give extremely accurate measurements, but
the returned signal level is low and covers a wide frequency range. Thus, low system
noise temperature is especially important for these measurements.
Other ionospheric characteristics such as electron and ion temperatures, ion
composition, and ion velocities require the measurement of the ion line spectrum. The
Arecibo Observatory uses special radar techniques that trade away system SNR to
achieve an increased number of independent measurement samples. This is possible
because the SNR is quite high near the F region peak. However, a lower receiver system
temperature improves the measurements using this technique at the high and low
altitudes. This receiver characteristic is especially useful when observing the lowest part
of the ionosphere (D region) where there are very few electrons.
In addition to low system noise temperature, a powerful radar system is needed to
make accurate ionospheric measurements.

As demonstrated in Thomson scattering,

individual electrons are capable of weakly scattering electromagnetic (EM) waves. The
radar scattering cross section per electron is given by
electron (

m).

where

is the radius of an

Hence, at the height of the ionospheric region, where the

concentration of electrons is approximately
the radar must illuminate a radar cross section of

electrons/

with a volume of 1

,

[22]. Due to this extremely

small radar cross section, a very high power radar system is needed to detect this weak
backscattering.
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The observatory makes ionospheric and other atmospheric measurements using
the 2.5 MW peak power 430 MHz radar and a far weaker 46.8 MHz pulsed radar. The
430 MHz receiver system, shown in Figure 1-1, currently maintains a system noise
temperature of 50⁰K [42]. The receiver requires increased dynamic range as it must be
able to accurately detect high power scatters from the ionosphere and stratosphere while
still being able to detect very weak signal scatters. These large power scatters are
typically caused by ground clutter while observing the lower portion of the atmosphere.
The appearance of high power scatters from ground clutter often occurs when observing
the stratosphere, but can also be present in some ionospheric measurements utilizing long
phase code pulses in the lower E region. These large power scatters can saturate the
receiver and prevent the measurement system from distinguishing high power signal
intensities.
Moreover, a higher dynamic range receiver can also aid in resolving intended
targets with high power scatters. One such instance can be demonstrated in Figure 1-2,
which compares a meteor detected by Arecibo Observatory’s 46.8 MHz (top) and the
current 430 MHz (bottom) radars. Both radars use a chirped waveform. The 430 MHz
transmitter generates a 40 microsecond pulse shifted from -0.5 MHz below 430 MHz to
0.5 MHz above. The radars have approximately a 1 microsecond (150 m) resolution [42]
and give a significant increase in sensitivity over the use of a short pulse. In contrast to
that of the lower power 46.8 MHz radar, the image produced by the 430 MHz radar has a
region (shown in red) in which a larger area of the received power is denoted at the same
power level. The strongest part of the radar signal is saturated, which indicates the need
for further increase in receiver dynamic range.
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Figure 1-1: Current 430 MHz Receiver System Analog Front End. This
system features an antenna feed that absorbs RF signal directed to the feed
by Arecibo’s three stages of reflectors. The absorbed signal enters a
turnstile junction and monoplexor which provide isolation between
transmit/receive channels and protect the receiver from burnout
respectively. The signal enters the first stage of amplification where RFI
is rejected by a cavity filter (removed in this image) and then proceeds to a
cryogenic dewar housing an ultra-low noise amplifier. The output and
amplified signal is presented to the second stage of the receiver.

5

Figure 1-2: Range-time Intensity Plot Featuring a Comparison of Meteor
Detections Obtained by 430 MHz and 46.8 MHz Radars. Meteor
detection by the lower power 46.8 MHz radar is shown on the top of the
image. In comparison, the meteor image below was produced by the 430
MHz radar, showing a region (shown in red) in which the received power
is constant. The strongest part of the radar signal is saturated, which
indicates the need for further increase in receiver dynamic range.
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Furthermore, for increased accuracy in atmospheric measurements and especially
ISR detection, the radar must rapidly switch between transmit and receive states using the
430 MHz system’s turnstile junction and monoplexer [35]. When the transmitter is on, a
certain amount of power will reflect off of the antenna and leak into the receiver, putting
it into large signal operation or even a saturated state. In addition, for a short period of
time, the receiver can be saturated by the system’s waveguide, which can harbor large
amounts of power after the transmitter powers down as a result of the reflections caused
by imperfect impedance matching. Preventing the receiver from saturating from the high
power transmit pulse allows the receiver to return to normal performance more quickly
after the radar transmitter is turned off and the receiver is turned on. This more rapid
return to normal performance allows for enhanced accuracy for plasma line observations
in the ionosphere. This recovery is especially pertinent in the characterization of the D
region of the ionosphere.

In addition, detecting these incoherent scatters requires

accurate measuring of the noise level since the noise must be subtracted from the total
measured signal. Thus, a quick noise level recovery of the receiver is necessary since
even slight variations in time can hinder accurate noise measurements.
In addition, radar observation in the stratosphere requires exceptionally fast radar
recovery given that switching speeds between transmit and receive must be even more
rapid for accurate observations. Such observations require the separation of ground
clutter and stratospheric signals using the Doppler shift. However, the strong return
signal from the ground clutter can saturate the receiver. If the receiver saturates from
ground clutter, this separation is not possible.
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Finally, with the ever crowding RF spectrum, emissions from local transmitters in
the UHF band continue to interfere with the 430 MHz receiver’s observations. The
telescope operates in close proximity to both the physical position and spectral location
of analog and digital television stations’ transmissions along with amateur radio
communication.

When the 430 MHz receiver makes an observation at its widest

bandwidth, the interference from these sources has an even greater impact. A more
selective receiver can better reject RF interference that is present close to the receiver’s
operating frequency band.
To summarize, the current 430 MHz receiver is plagued with mainly three issues
that limit its performance when making atmospheric observations. First, the current
receiver has limited dynamic range and can saturate when detecting high power signals.
Next, the receiver exhibits a lengthy recovery time when overpowered by the nearby
radar transmitter pulse. Lastly, RF emissions can interfere with operating the 430 MHz
receiver at a wider bandwidth.
The total performance of the system can be improved by updating the
characteristics of individual components in the receiver chain. In the next chapter, this
paper shows that the first amplifying stage has a much larger impact on the system’s
SNR. This thesis describes the development of a first stage low noise amplifier (LNA)
component which shall extend the receiver’s range of detection and demonstrate a faster
recovery to the observatory’s transmitter. In addition, this paper covers the design of a
high temperature superconducting filter to be positioned at the amplifier’s anterior to
widen the available bandwidth of the receiver while still filtering out the environment’s
radio frequency interference (RFI).
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Chapter 2
Background on Radar and Remote Sensing Receivers
Since the analog front end of the 430 MHz receiver is crucial to establishing the
sensitivity and capability of remote sensing, it is imperative that the system’s noise
temperature and insertion loss remain low. In addition, it is equally important to maintain
linear operation when receiving high power signals. Components in the front end of the
receiver chain of a radio telescope are often inserted in a cryogenic dewar to enhance the
reduction of loss and noise. Precise noise temperature measurements in a cryogenic
environment are critical for not only the receiver characterization, but also for ensuring
the accuracy of certain atmospheric observations. Adopting specialized techniques for
cryogenic measurements allows for the reduction of many sources of error. Furthermore,
careful consideration of materials used in component fabrication can significantly
contribute to the reduction of losses throughout the receiver system.

2.1

Receiver Dynamic Range

One of the goals of this project is to extend the receiver’s dynamic range, which
defines the limits at which the receiver can linearly amplify a received signal. A frontend amplifier often has the most impact on the overall receiver system signal to noise
ratio. Noise level combined with nonlinear distortion sets the limits on the signals that
can be recovered by a receiver. The noise characteristics of the antenna and receiver set
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the minimum detectable signal. The receiver’s nonlinear distortion sets the limit of the
largest signal from which information can reliably be extracted.

Figure 2-1: Plot of Receiver Output Power vs. Input Power Illustrating
Definitions of Maximum Allowable and Minimum Detectable Signal
Powers. The maximum allowable signal power is limited by the
amplifier’s 1-dB compression point. The minimum detectable signal
power is set by the noise characteristics and bandwidth of the receiver.

In Figure 2-1, an input signal (Pin) is detectable only if its power is stronger than the
minimum detectable signal power level (Pin,mds). This minimum detectable signal power
of the receiver system can be approximately defined by:
(2.1)
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where k is Boltzmann's constant, T is temperature, B is receiver bandwidth, and NF is the
receiver system noise figure.
In the linear gain region, the output power versus input power has a slope of 1:1.
As input power increases, the actual curve begins to deviate from linear operation. The
upper limit of the dynamic range is defined by the 1-dB compression point where the
actual gain drops below the linear extrapolation (dashed) line in Figure 2-1 by a distance
of 1 dB. This 1-dB drop sets the maximum allowable signal power level, above which a
receiver is considered to be operating in a compression region.

2.2

Noise in a Receiver

Noise is caused by random fluctuations in an electrical signal. Noise in a receiver
system results from the environment as well as noise generated by the receiver
components themselves. Ambient noise from the environment is often attributed to
cosmic microwave radiation or cosmic background noise [34]. Artificially generated
noise can also be produced from RFI such as nearby radio stations, television
transmitters, or cellular communication systems.
Noise generated by electronic devices can be classified as thermal noise, shot
noise, or flicker noise [27]. Thermal noise occurs in any conductor when electrons are
thermally disturbed into random vibrations. This type of noise induces a voltage in the
conductor which covers the span of radio frequency spectrum.

Then, the noise is

assumed to be a uniformly distributed random noise, which can be modeled by a resistor
at a certain noise temperature [70]. Shot noise and flicker noise, sometimes grouped
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together as “excess noise,” are present only when current passes through a conductor
[27]. Shot noise is caused by the discrete nature of electron current flow. The magnitude
of the shot noise is not dependent on frequency and can be modeled by a white noise
source. This type of noise is dependent on current flow [70]. Thus, shot noise will vary
as current changes during an RF cycle. The biasing on the drain port of a transistor
amplifier often induces a noise current flowing to the gate node of a transistor amplifier
by capacitive coupling [27].

Flicker noise is influenced by imperfections in the

conductive channel or impurities in the surface of the semiconductor. In electronic
devices, this type of noise becomes more apparent at low frequencies and is often
exceeded in power by thermal and shot noise at microwave frequencies.
The available noise power in a receiver system is defined as the power that a
source is able to deliver into a load [16].

Nyquist showed that noise power is

approximated by,
(2.2)
where k is Boltzmann’s constant (

, T is absolute

temperature, and B is equivalent noise bandwidth [27]. To quantify noise in a receiver
system, the primary figure of merit is the noise figure. To understand noise figure, a
receiver’s noise factor ( ) must be characterized as the degree to which a device or
system reduces the signal-to-noise ratio of an incident signal [70].
(2.3)
The noise figure is this power ratio expressed as decibels (dB).
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The performance of an amplifier at the start of the chain of the receiver front end
has a significant impact on total system noise factor. From Friis’ formula, the total
cascaded system noise factor is shown to be derived from the gains and noise factors of
individual components using equation 2.4,

(2.4)
where n is the number of components in the receiver system [86]. Thus, the closer the
component is to the antenna, the more impact it has on system noise performance.

2.3

Techniques for Cryogenic Measurements

From Equation 2.3, it becomes clear that noise power is proportional to the
system temperature. Temperature is an alternative method of describing the performance
of a power source. Specifically, effective input noise temperature of a two port device is
a critical element for evaluating noise performance and describes the internal noise of the
device. This parameter illustrates how much noise power the amplifier contributes to the
input signal.
Noise measurement techniques are based on the noise linearity of two-port
devices [14]. To assess the effective input noise temperature, a measurement system can
observe the output noise power for two different temperatures produced by the noise
source [1]. A noise source presents the test system with two distinct input noise powers
by using two loads whose temperatures are significantly distant (denoted

and

). The

difference between the load temperatures results in a change in noise power presented to
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the device under test (DUT). The change in output noise power measured by the noise
figure meter enables the calculation of the noise generated by the LNA without the noise
source attached [14]. The noise linearity of a two-port device and how it impacts a noise
figure calculation is displayed graphically in Figure 2-2.

Figure 2-2: Noise Power in a Linear System. When operating in the linear
region, an amplifier will not only boost the RF signal power but also the
noise power presented to the device. The noise power (P) produced is
directly related to the temperature of the noise source (TS), where the slope
of the linear relation is the product of Boltzmann’s constant, the gain of
the amplifier, and its bandwidth. Using the Y-factor method, the noise
power generated by the amplifier can be extrapolated from the ratio of
output noise powers at two different input thermal noise powers (identified
as TC and TH).
This measurement technique is referred to as the Y-factor method, where precise noise
temperature data is obtained with the ratio of output noise powers when two different
input thermal noise powers are presented to the amplifier. The effective input noise
temperature (Te) of a LNA is found by equation 2.5,
(2.5)
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where Y is the ratio of the powers measured from the LNA output when each of the
source temperatures are presented to its input [55].
Conventional room temperature noise measurements can be made with a noise
figure meter and a calibrated noise diode. This method is most effective when the
equivalent input noise temperature of the device is between the hot and cold noise
temperatures generated by the noise source. However, for cryogenic HEMT amplifiers,
the input noise temperatures are usually too low for accurate measurement using this
method. Specifically, when a noise diode is used at cryogenic temperatures, the hot and
cold noise temperatures generated by the source are much higher than the noise
temperature of the device. This extrapolation of amplifier noise temperature can cause
many errors in noise measurements [14]. In addition, the switching of the noise diode
between hot and cold states presents two very different impedances to the input of the
low noise amplifier [30]. The large change in impedances results in additional errors in
noise measurements.

Techniques discussed in Chapter 4 shall address methods for

reducing these errors.

2.4

High Temperature Superconducting Filters

The design of microwave filters typically employs high temperature
superconducting substrates to meet a system’s need for extremely low insertion loss.
The incorporation of HTS materials can also improve a filter’s selectivity by better
suppressing out-of-band interference [82]. In addition, these filters can enhance the
receiver’s sensitivity by decreasing excess power radiating from the filter structure [78].

15

HTS filters are usually implemented as microstrip structures synthesized from thin film
materials on a high dielectric substrate. These thin film materials present no resistance
to direct current when cooled below a temperature threshold called its critical
temperature ( ). As the frequency of the current oscillation increases, the resistance
also increases. At microwave frequencies, these losses can be attributed to the hysteretic
motion of vortices through the material [38]. When the magnetic field of an EM wave
penetrates a superconductor, several vortices form inside the material. High temperature
superconductors in a vortex state will dissipate energy and cause losses. However, the
resistance present at microwave frequencies is still low enough to significantly improve
the insertion loss of the filter [39].
The motion of the vortices will also cause variations in surface impedance.
Surface or internal impedance of a conductor is the characteristic impedance per unit
length on a planar superconducting surface. Surface impedance for both conventional
conductors and superconductors is comprised of a resistance (

) and reactance (

and is defined by,

(2.6)
where

is the angular frequency,

is the permeability, and

is conductivity [26].

Similarly, for both types of materials, the propagation constant ( ) is described by,
(2.7)
A disparity appears between the two material types in their conductivity. While a
standard copper substrate has a purely real value, the conductivity of a superconductor
can be defined by,
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(2.8)
where

and

are the temperature dependent conductivities of normal and

superconducting pairs, respectively [78].
The electromagnetic energy present in the surface of the planar HTS material
decays exponentially. The depth that this energy extends into the surface of the material
is defined as the penetration depth ( ), which is related to the imaginary part of
conductivity by equation 2.9:
.

(2.9)

The penetration depth is very temperature dependent but does not change with
frequency. The variations in surface impedance can create non-linearities in the high
frequency signal, which can result in undesired harmonic distortions [38]. Still, such
material in the form of thin films makes excellent microstrip transmission lines for high
frequency circuitry as it provides a way to minimize losses, especially in narrowband
filters.
Microwave planar filters are comprised of individual elements that will each
resonate at a certain frequency. The efficiency of the resonator element can be described
by unloaded Q, or quality factor of a filter, which is defined as:
(2.10)
Energy dissipation can result from surface resistance of the superconductor or loss due
to the dielectric [38]. Using high-Q and high temperature superconducting films to
create microstrip structures have had great success replacing bulky waveguide circuitry
and resonant cavity components.

Furthermore, thin films have a relatively simple
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fabrication process and far more efficient electron mobility capabilities. It has been
shown that insertion losses in HTS filters are much less than that of copper filters. The
insertion loss of a filter can be approximated from the Q of the resonator elements in the
filter. At temperatures below

, the filter exhibits significantly less resistance.

The most commonly used HTS thin film materials are yttrium barium copper
oxide (YBCO) and thallium barium calcium copper oxide (TBCCO).

The critical

temperatures for both materials are included in Table 2-1 below.
Material
YBCO
TBCCO

Label

Critical Temperature (

)

Table 2-1: Commonly Used and Commercially Available HTS Materials
[39]

The substrate on which the thin film is deposited also plays an important role in filter
design and performance. Commonly used HTS filter substrates are listed in Table 2-2.
Substrate
Sapphire
LaAlO3
MgO
SrLaAlO4
Al

Frequency
9 GHz
10 GHz
8 GHz
12 GHz
7.7 GHz

Loss Tangent
1.5x10-6
7.6x10-6
2x10-6
2x10-6
2x10-5

Table 2-2: Commonly Used and Commercially Available Substrates [43]

A sapphire substrate is frequently used for its lower costs. Lanthium Aluminum Oxide is
the optimal substrate for the commonly larger standard Chebyshev designs since the high
dielectric constant permits size reduction of the filter layout on small HTS wafers. MgO
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substrates are preferable as the material is less susceptible to poor anisotropic
performance and strain defects referred to as “twinning.”
Initially, designs for superconducting planar filters centered around conventional
hairpin filters and parallel coupled-line filters. However, new developments have arisen
in the field of HTS filters to transform these conventional designs into those more
suitable for placement on a HTS wafer. Such techniques are employed to reduce the size
of the filter layout and to improve out-of-band rejection in the filter’s performance. In
order to take advantage of the extremely low loss of superconducting materials, certain
filter parameters such as coupling losses, radiation effects, and dispersion must be taken
into account. Most EM solvers are not able to accurately model these parameters. Thus,
accurate modeling and optimization of HTS filters becomes quite extensive [43].
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Chapter 3
Design of a High Dynamic Range Low Noise Amplifier
This chapter discusses the design and prototyping process for a low noise
amplifier to replace the current module in the first stage of the receiver front end. The
amplifier was designed to be inserted into the analog front end of the receiver chain
operating at the center frequency of 430 MHz and is used for atmospheric and astronomy
observations ranging from 415 to 445 MHz. There are many considerations that were
taken into account to ensure reliable amplifier performance that improves upon the
current receiver. Decisions during this stage of design and prototyping were made with
the intent that the prototype would have to withstand a cryogenic environment and
maintain good performance.

3.1

Balanced Amplifier Design

A balanced amplifier configuration was chosen for this project to enable the
lowest noise figure without sacrificing poor input and output return loss.

This

configuration, depicted in Figure 3-1, uses two hybrid couplers to equally split the RF
signal into two channels, each with their own amplifiers, and then re-combine the two
signal paths. Both signal channels feature input matching networks to provide each
amplifier with the optimal input impedance for low noise. These channels also both
contain output matching networks to set the high gain of the amplifiers.
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Figure 3-1: Balanced Amplifier Configuration. The configuration features
a hybrid coupler that splits the input signal into two channels 90 degrees
out of phase from each other. The couplers serve to terminate reflections
created by each channels’ matching networks (labeled MN). Identical
amplifiers (Amp A and B) boost the signal power. Finally, an additional
coupler combines the signals and produces a single in-phase output.

Both Amp A and B in the block diagram must be identical for optimum performance
[49]. This dual amplifier configuration provides a higher degree of stability, higher
compression point, added redundancy, and twice the output power of a single stage
amplifier [66]. However, this arrangement does contribute a small amount of additional
insertion loss due to the hybrid couplers and increases the required power.

3.2

Component Selection

Like the replacement prototype amplifier, the Arecibo Observatory’s current 430
MHz LNA, shown in Figure 3-2, was designed as a balanced amplifier. This LNA board
utilized unpackaged transistors with bondwire connections like those shown in a
microscope image of the component in Figure 3-3.
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Figure 3-2: Enclosure of Current Low Noise Amplifier. With the top
cover removed, this amplifier is a replica of the component currently
installed in the dewar in the analog front end of the 430 MHz receiver.

Figure 3-3: Unpackaged Transistor in Current LNA Design. Bondwire
connects gate, source, and drain ports of the transistor to gold-plated
microstrip copper lines.

In recent decades, packaged transistors and amplifier components have become
increasingly more widespread.

The new amplifier design makes use of packaged

transistors. The advantage of these packaged devices over unpackaged devices is their
ability to be biased with higher currents than the transistor shown in Figure 3-3 without
seriously compromising their noise figures. The higher bias current allows for increased
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dynamic range and a faster recovery rate from high power input signals, such as a nearby
radar transmitter. The previous low noise amplifier faced a major recovery issue and
diminished dynamic range due to the transistor’s low current limits. Table 3-1 contrasts
the bias conditions and impacts on dynamic range and radar recovery time of the current
and replacement low noise amplifiers.
Parameter
Current ( )
Voltage (
)
Power Dissipation
Estimated 1-dB Compression Point
Estimated 1-dB Compression Point (dBm)
Approximate Recovery Time to Radar

Current LNA
5.25 mA
0.975 mV
5.12 mW
0.7678 mW
-1.1 dBm
25 μs

Replacement LNA
20 - 40 mA
3W
90 mW
13.5 mW
11.3 dBm
1 μs

Table 3-1: Bias Parameters, Compression, and Radar Recovery Time of
Current and Replacement LNAs
The 1-dB compression point values in Table 3-1 were calculated as ~15% of the total DC
power dissipation for a class A linear amplifier. The candidate devices considered for the
replacement LNA are those shown in Table 3-2.
Name
SAV-581+ [75]

Manufacturer
Minicircuits

Configuration
Transistor

TAV-581+ [76]

Minicircuits

Transistor

HMC816 [67]

Hittite

MGA633P8 [74]

Avago

Dual Channel
MMIC
Single Channel
MMIC

Package

Table 3-2: Comparison of Amplifier Packages
Multiple packaged models and types were selected to be used in designs primarily
because no component is rated for cryogenic temperatures and it was unknown how each
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would perform during testing. The final prototype shall be implemented in the current
receiver’s cryogenic dewar shown in Figure 3-4.

Figure 3-4: Dewar Chamber for the 430 MHz Receiver Housing the First
Stage Amplifier. The chamber passes input and output RF signal lines in
addition to amplifier bias ports. The dewar features input and output
pump lines allowing a compressor to pump helium gas into the pressurized
chamber to cool the amplifier to approximately 15 degrees K.

The Hittite amplifier series had been previously tested and used in Arecibo Observatory
designs. All devices’ data sheets recommend operating in an environment no lower than
40 degrees Celsius. However, Hittite’s heritage in previous designs, in addition to testing
the amplifier’s evaluation boards at cryogenic temperatures, has reduced the risk of
performance degradation while operating beyond the recommended limits to an
acceptable level. The Hittite HMC816 amplifier evaluation board mounted in a cryostat
is depicted in Figure 3-5.
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Figure 3-5: HMC816 Evaluation Board Verification in Cryostat. Hittite’s
Evaluation PCB 123191 board [67] was mounted to a copper plate that
was secured to the second stage of the cryostat test chamber.

Special attention should be called to the method of grounding in Figure 3-5. To ensure
that the precise temperature of the board is known, the evaluation board was mounted to a
copper plate with a temperature sensor. An indium sheet provides a more seamless
interface between the evaluation board’s ground plane and the copper plate in order to
provide an excellent thermal contact and electrical grounding with the dewar itself. The
Hittite and Minicircuit evaluation boards were repeatedly operated in a cryogenic
environment and showed improved noise figures with no degraded performance.
In addition to analysis of the active devices in the LNA, high quality passive
lumped components were also selected to better withstand operation in the cryogenic
environment. As shown in Table 3-3, the current board does not make use of packaged
passive components in most cases. The updated LNA design utilizes packaged inductors,
resistors, capacitors and hybrid couplers, which enhance durability and tighten
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manufacturing tolerances between components. Further details on these components
selection are discussed in Appendix A.

Component Current LNA
Inductors

Updated LNA

Capacitors

Resistors

Couplers

Table 3-3: Passive Components in the Current and Updated LNA Board

3.3

Circuit Simulation and Design

The design of a balanced low noise amplifier began with the construction of the
circuitry around the transistor or MMIC.

This circuitry serves to match the active

component for high gain, low noise, and unconditional stability while supplying the
transistor with the optimal voltage and current. Subsequently, the single stage amplifiers
are arranged in a balanced amplifier configuration with the hybrid couplers.
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The goal of this design is to construct stable circuitry around the transistor to
match its input and output ports for optimal noise and gain performance. Using a discrete
transistor in this project allows the engineer to design for best performance of certain
parameters while sacrificing others over a desired band of interest. In the case of the 430
MHz low noise amplifier, noise performance is the primary design goal.
The manufacturer provides intrinsic data about the transistor and MMIC devices.
Measured S-parameter and noise parameters were provided for both the Minicircuits
discrete transistors and Avago MMIC while only S-parameter data was provided for the
HMC816LP4E dual channel MMIC. Hence, more design work can be completed in the
simulation of a device like the SAV-581+ or TAV-581+ since both the transfer of RF
power and generation of noise power can be simulated as a function of frequency. On the
other hand, given that less manufacturer data was provided for the Hittite MMIC, the
design relied more heavily on the application circuit provided by the manufacturer [67].
Noise parameter data is provided as a set of five variables that vary as a function of
frequency,

(3.1)
where

is the minimum noise figure,

and

are respectively the

magnitude and phase of the reflection coefficients for optimal noise performance,
the equivalent noise resistance normalized to

is

characteristic impedance, and

is the associated gain of the device [58]. These five parameters illustrate how noise
figure varies with source reflection coefficient,
computed from these variables [77]:

. The noise factor of the device can be
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(3.2)
Once these parameters are known, a matching network can be used to match the 50Ω
input transmission line to the optimal source impedance for the transistor’s noise
performance as illustrated in Figure 3-6.

Figure 3-6: Input/output Impedances and Reflection Coefficients for
Discrete Transistor Design [33]. Zin, Zout, Zs, and ZL represent the
impedances of the input/output of the transistor and source/load
impedances created by the match networks, respectively. When the input
matching network presents an impedance match of Zs,opt for optimal noise
performance, the mismatch with Zin creates reflections. Similar reflections
can occur in the output of the transistor between Zout and ZL.

Using Rollet’s Stability Criterion, the S-parameters can be used to evaluate the stability
of the amplifier. The Rollet condition states that for k > 1 where,

(3.2)
the amplifier is unconditionally stable [59].
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First, parameters of the transistor or MMIC must be characterized by examining
its input and output return loss, forward and reverse transmission, minimum noise figure,
and stability. The data required to characterize the device is recorded by the component
manufacturer in a Touchstone file or “sNp” file.

Agilent Technologies’ Advanced

Design Systems (ADS) software was used to compute important parameters like those
exemplified by Figure 3-7 for the Minicircuits discrete transistor. Note that Figure 3-7
shows that while the discrete transistor’s transmission coefficients are very good, the
reflection coefficients, especially the input return loss, are quite poor.

The noise

characteristics shown in the figure, where the red curve indicates actual noise figure and
the blue curve denotes the minimum noise figure, are optimized for the required
operating frequency band. However, the K factor is far less than one, indicating the
transistor requires additional circuitry to attain unconditional stability. While additional
circuitry shall be able to stabilize the amplifier, it will also increase the device’s noise
figure. The curves for

-source (pink) and for

-load (blue) signify the degree of

instability caused by the input and output regions, respectively, of the transistor.
Based on the S-parameters and noise parameters of each device, circuitry can be
designed and simulated in ADS to improve the amplifier performance. First, as depicted
in Figure 3-8, the input matching network was designed to match the transistor circuit to
the optimum source impedance for minimum noise figure.
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Figure 3-7: SAV-581+ Transistor Characterization. This simulation
consists of S-parameter and noise analysis. The curves of each parameter
of interest are displayed with markers designating the center frequency.
The noise figure plot displays both the minimum noise figure (NFmin) and
the transistor’s noise figure (nf(2)). In addition, from the S-parameters,
parameters to describe the stability of the amplifier can be computed. The
and
variables implicate the input and output circuitry
(respectively) as the cause for the amplifier’s instability. The amount that
the
,
, and K curves fall below one indicates the degree of
instability for the source, load, and transistor respectively. From this
stability graph, the output RF port of the transistor can be concluded to be
very unstable.
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Figure 3-8: Functional Block Diagram of the Input Matching Network.
The matching network provides an interface between the input 50Ω
transmission line and the transistor itself. The network passes RF energy
in a manner that minimizes the noise contribution but also maintains
stability in the amplifier.
Then, an output network was designed to match for an optimum load impedance for
maximum gain as depicted in Figure 3-9.

Figure 3-9: Functional Block Diagram of the Output Matching Network.
The matching network provides an interface between the device and the
output 50Ω transmission line. The network passes RF energy in a manner
that maximizes the gain on the transistor without sacrificing the noise
figure.
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Circuitry was also added to supply the active device with the proper voltage and
current. However, this bias network must not impact the input and output match of the
device. This was implemented with a simple RF choke as diagrammed in Figure 3-10
that allows direct current to pass while restricting the RF signal flow.

Figure 3-10: Example Bias Network Circuitry. The transistor is depicted
at the bottom of the circuit by a three port model. The gate and drain ports
of the transistor must be able to be supplied with a range of distinct
currents and voltages. The resistors that help control the current to each
transistor port also contribute to the noise figure. Decoupling capacitors
are used to ground the RF network while still enabling the passage of DC
current to the transistor. A series inductor labeled as an RF choke will
block the passage of a high frequency signal and minimize the impact of
the bias network on the amplifier’s noise performance.
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Once the circuit was able to be biased, the circuit components were optimized for
low noise figure, low input and output return loss, and high gain while maintaining
unconditional stability throughout the frequency band of interest. Several techniques are
shown in Figure 3-11 through Figure 3-13 that were used to improve the stability of the
amplifier [33] [73].

Figure 3-11: Adding Source
Inductance

Figure 3-12: Drain
Loading

Figure 3-13: Feedback
Circuit

At this point, all components discussed so far are considered to be ideal components
when modeled during simulation.

For instance, an ideal inductor only contributes

inductance to the circuit. However, in reality, inductors and capacitors have component
parasitics that also impact the amplifier’s performance. The non-ideal models for these
components [13] [41] are shown in Figure 3-14 and Figure 3-15. Manufacturers of these
components produce sNp files that describe the device parasitic. In the simulation, all
ideal passive components were replaced with a non-ideal model in ADS to get a better
idea of how the circuit will actually perform.
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Figure 3-14: Non-Ideal Inductor
Model

Figure
3-15:
Non-Ideal
Capacitor Model

Furthermore, the amplifier used coplanar waveguide (CPW) transmission lines to
transfer RF power throughout the circuit. Coplanar waveguide consists of a center strip
with two ground planes located parallel to the strip shown in Figure 3-16.

Figure 3-16: Cutaway Diagram of CPW Transmission Line [80]. CPW
consists of top and bottom ground planes separated by a distinct substrate
height (h). Microstrip lines of a specific width (a) present on the top layer
deliver current at spacing (b) from the ground plane. Vias electrically
connect the top and bottom ground planes for improved signal integrity.

Because the transmission lines are surrounded by conductors with ground potential,
decoupling between neighboring transmission lines is much more efficient [44]. In order
for CPW to be the most effective, the geometry of the transmission line must be correct
based on the parameters of the substrate and the amplifier’s frequency of operation.
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Thus, a model of the CPW transmission lines at the correct lengths, widths, and spacing
were added to the non-ideal circuit model to enhance the accuracy of the simulation.
Once the known parasitics have been accounted for in the ADS simulation, two singlestage amplifiers are placed in a balanced configuration with two hybrid couplers. A
limiter is added to protect the sensitive LNA from high power input.

The entire

configuration is simulated in ADS and the results for one of the prototypes are displayed
in Figure 3-17. In contrast to the transistor analysis in Figure 3-7, the gain of the
prototype simulation shown in Figure 3-17 is high while still maintaining high isolation
and low input and output return loss. The hybrid couplers match the input and output
ports of the prototype design to 50 Ω as shown in the Reflection Coefficients smith chart
in Figure 3-17. The simulated noise figure is still low but is not a complete description of
the noise contribution of the LNA as not all components in the prototype’s model account
for this parameter. Finally, the K-factor is greater than one at both in-band and out-ofband frequencies indicating unconditional stability for the simulated prototype. From the
varying circuits created around the transistor and MMIC options, four designs performed
the best in simulation and were elected to be fabricated.
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Figure 3-17: Non-Ideal Balanced Amplifier Simulation Results for SAV581+ Prototype. The results of the simulation indicate that the matching
networks, hybrid couplers, and blocking components will successfully
maintain the low noise contribution and high gain while succeeding in
terminating any input and output reflections. In addition to viewing the
reflection coefficients on a semi-logarithmic scale, plotting the S11 and S22
curves on a smith chart shows that the hybrid couplers are able to match
the input and output impedances to 50Ω at the center frequency.
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3.4

Layout, Fabrication, and Preliminary Testing

The four designs that performed the best in simulation were laid out onto printed
circuit boards using ADS’s layout software. The board substrate was 0.031” thickness
Rogers 4350B with a 1 oz. copper weight [61]. An example of an ADS layout is shown
in Figure 3-18. The fabricated board is covered by a gold immersion surface finish to
prevent the copper from oxidizing over time [46] [84]. All holes shown in Figure 3-19
are plated to create a better connection between the top and bottom ground planes. An
extended ground plane was also added to reduce coupling between adjacent transmission
lines. During board population, all surface mount components were hand-soldered using
tin-lead (SnPb) solder or solder paste [68].
The Rogers RO4350 substrate (with a process dielectric constant of 3.48) was
selected for its excellent performance at RF frequencies and compatibility with the
Anaren hybrid couplers [85]. The design dielectric constant suggested by the substrate
manufacturer to be used in simulations is 3.66 at 2GHz [21]. The trace geometry such as
conductor width and gaps in the coplanar waveguide were computed using ADS’s
LineCalc software. The entry angle of the traces to the 3dB couplers has a significant
impact on RF performance. As such, the same trace structure that was featured on the
coupler evaluation board [85] was selected for the balanced amplifier layout.
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Figure 3-18: Layout of Hittite's HMC816 Design. The layouts for all
prototype boards were created using Advanced Design Systems software.
This layout was used to generate the dimension specifications used to
fabricate the printed circuit board.

Figure 3-19: Fabricated Prototype Board SAV-581+. This board was
milled on Rogers RO4350B and plated with a gold-immersion surface
finish. The PCB was secured to a chassis enclosure, electrically
connecting the top and bottom ground planes to the chassis and test setup
ground.
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Preliminary testing was performed on all four fabricated prototypes at both room
temperature and in a cryogenic environment. Based on the results, two prototypes, using
the Hittite HMC816LP4E dual amplifier MMIC [67] and the Minicircuits SAV-581+
discrete transistor package [75], were selected to be modified based on the testing results
and re-fabricated for final test and verification. The layouts for the final Hittite and
Minicircuits prototypes are depicted in Figure 3-18, Figure 3-19, and Appendix B. From
the original prototypes, the new board sizes were reduced and made to fit a custom
chassis.
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Chapter 4
Low Noise Amplifier Characterization in a Cryogenic Environment
In order to properly test a component in a cryogenic environment for radio
astronomy applications, a cryogenic test setup must be arranged to achieve reliable
measurements. To evaluate the low noise amplifier performance, a cryostat setup should
be constructed to effectively cool the device in a dewar chamber with helium gas. The
system noise requirements are below 20⁰K of equivalent noise temperature, Te, which
can only be achieved if the receiver is cooled down to cryogenic temperatures.
Verification of the amplifier’s performance must also be conducted in an environment
with similar temperatures.

4.1

Dewar Test Setup

To cool the device under test to cryogenic temperatures, a closed-cycle helium
dewar was used. The dewar featured two sections; the first stage of the dewar was cooled
to approximately 40⁰K, and the second stage was cooled down to approximately 15⁰K.
The purpose of the first stage is to isolate the second stage from the dewar’s outer walls
from room temperatures at about 296⁰K. To reduce the number of times the dewar must
be cooled, the cryostat featured dual channels to ensure that two amplifiers could be
tested in the same configuration with each cool down as shown in Figure 4-1.
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Figure 4-1: Block Diagram of the Second Stage of Cryostat Test Setup.
The dewar features a dual channel test setup. Each channel consists of its
own equal-length coaxial lines and attenuators that must be individually
characterized for prevision measurements.

The materials and components used in a cryostat were deliberately selected due to certain
requirements [14]. The dewar was made from stainless steel, which does not oxidize and
is able to be electro-polished [12]. Otherwise, the effective surface of the material and its
ability to absorb gas is reduced [23]. Stainless steel is also easy to solder to create solder
joints that are more reliable in a vacuum.
The chamber consisted of a dewar with RF input/output coaxial lines and biasing
connection points. All cables and circuits were mounted to the stages of the dewar to be
properly cooled. Specifically, the outer conductor of the SMA connectors and coaxial
cables were grounded and thermally connected to the copper ground plate in the dewar
chamber.

Stainless steel coaxial lines provided high electrical but low thermal

conductivity to the RF input/output SMA connectors on the LNA board as shown in
Figure 4-2.
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Figure 4-2: Cryostat Test Setup with Two Amplifiers Mounted. Two
amplifiers enclosed in gold-plated chassis are secured to the second stage
of the cryostat. Coaxial lines provide input and output passages for RF
signals to enter and exit the dewar. Bias wires also enter the dewar to
power the amplifiers and temperature sensors inside the dewar.

However, stainless steel cables are semi-rigid and difficult to bend. In addition, bending
the cables changes their impedance which can affect transmission and reflection of RF
signals [29]. As part of the calibration and measurement process for certain tests, some
components such as the attenuator and the LNA itself must be removed. Instead of
bending the rigid stainless steel cables to connect the cables in the absence of the
removed components, “dummy” components were inserted in the system that served as a
“thru” component for the test system. For instance, for calibration measurements taken
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without the LNA, a coaxial cable was soldered to a copper plate mounted into the dewar
as shown in Figure 4-3.

Then, the cables can be set in the same position for all

measurements regardless of the components required.

Figure 4-3: Calibration Measurement with 0-dB attenuator and "Dummy"
Chassis. In place of the 20-dB attenuator, a 0-dB attenuator is connected
to prevent the stainless-steel cables from needing to be bent. To replace
the amplifiers, input and output SMA ports are connected with a copper
coaxial cable whose outer conductor is soldered to a copper plate mounted
on the second stage of the cryostat.

When the LNA chassis or other components are mounted to the dewar, a thermal
resistance appears in all joints between the cryostat, plate, and mounted components,
which can produce a high temperature gradient between parts [14]. The thermal contact
between components and the panel mount is made only at discrete points of the surfaces,
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even with the smoothest of materials.

A common way to improve the thermal

conductivity is to increase the applied force on the joint. For instance, the chassis shown
in Figure 4-4 through Figure 4-6 features multiple holes for securing to the copper ground
plate. Still, the best way to improve thermal conductivity is to increase the total effective
contact area by introducing or applying a soft material in the joint. Gold plating the
component housing and circuit boards increases this effective area [14] [84].
LNAs are also housed in a gold-plated chassis for purposes of enhancing thermal
contact. The chassis was modeled in SolidWorks [69] and custom designed for the LNA
boards to guarantee they can be tightly screwed to the chassis and then onto the cryostat’s
copper plate.

Figure 4-4: SolidWorks Chassis
Model without Top and Bottom
Coverplates

Figure 4-5: SolidWorks Model of
Chassis, Cover Plates, and Connectors
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Figure 4-6: Fabricated and Gold-plated Chassis without
Cover Plates. Numerous mounting holes are used to tightly
secure the top cover to prevent RF leakage.

The SMA connectors shown in Figure 4-5 provide conductor paths for RF input and
output signals and connections for balanced amplifier load terminations. The SMA
connector type used is a Huber Suhner Coaxial Panel Connector [19].

A Micro-D

connector from ITT Corporation [51] was used to bias the amplifier.

4.2

Cryogenic S-Parameter Measurements

The most fundamental measurement of a two-port microwave device is a
measurement of the component’s S-parameters.

This test evaluates the amount of

transmission, reflection, and isolation present between amplifier input and output ports.
The S-parameters of the prototype LNAs were measured with Agilent Technologies’
PNA-L Network Analyzer (N5230A).

Measurements were taken at both room and
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cryogenic temperatures for purposes of comparison.

Since the S-parameters of all

components change to some degree with temperature, from this measurement, the effect
of cooling on the amplifier was able to be characterized [25]. A block diagram of the test
setup is depicted in Figure 4-7.

Figure 4-7: S-Parameter Measurement Test Setup. A network analyzer
records the S-parameters of the biased amplifier when connected to the
input and output ports of the dewar. The losses contributed by the cables
are removed during calibration. The effects of the input and output lines
are removed during the de-embedding process described later in this
chapter.

Prior to the measurements, the effects of the cables and connectors outside the dewar
system were removed from the measurement results using Agilent’s Electronic
Calibration Module (N4431-60006).

Measurement of the passive components

themselves inside the dewar increases the accuracy of the final results. This procedure is
discussed in more detail later in this chapter. The final results for the Hittite design are
shown in Figure 4-8. These measurements were taken with optimized bias conditions of
approximately 50 mA and 3.75V in a measured dewar temperature of 20⁰Kelvin. The
Hittite design features two bias points that can be independently adjusted to compensate
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for slight differences between the components in each amplifier contained in the MMIC
package.

Figure 4-8: Transmission and Reflection Coefficients for the Hittite
Amplifier Design. Markers designate the S-parameter values at the center
frequency. The results of the measurements show that the amplifier has
high gain and high isolation between the output and input ports. The
amplifier’s reflection coefficients indicate that the hybrid couplers are able
to maintain good performance at cryogenic temperatures.

The measurements displayed in Figure 4-8 feature high gain and isolation while
reflection remains sufficiently low in a cooled state.
.

4.3

Noise Temperature Measurements

One of the most important measurements of a low noise amplifier is the
evaluation of its noise contribution to the receiver system. Since the noise figure of the
430 MHz receiver and the projected noise figure of the amplifier itself are so small,
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precision measurements are required. To reduce the errors present in conventional noise
figure measurements shown in Figure 4-9, a cryogenic attenuator technique is employed.

Figure 4-9: Measurement with Combination of a Noise Source and Noise
Figure Meter. This measurement technique uses the Y-factor method to
measure the input and output noise power in order to compute the
amplifier’s noise figure. Significant errors can appear due to the large
disparity between the hot/cold load temperatures and the temperature of
the cooled amplifier itself.

In the cryogenic attenuator technique, the noise source, which acts similar to a
noise diode, is connected to the input line outside the dewar. A cold load ( ) is provided
when the diode noise source is off. In this state, the source noise temperature presented
to the LNA is equal to the physical temperature of the cold attenuator (approximately
15K).

There is also minimal contribution (approximately 3 K) from the room

temperature noise diode as attenuated by the cooled input transmission line and a 20-dB
cryogenic attenuator. A hot load of about 9000 K is provided by switching on the noise
diode. The noise power is then attenuated by the cryogenic attenuator and, to a lesser
degree, by the cryogenic input transmission line, presenting a noise source power at the
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amplifier’s input of around 90⁰K [24]. A block diagram of a noise figure measurement
using the cryogenic attenuator method is shown in Figure 4-10.

Figure 4-10: Noise Figure Measurement Using a Cryogenic Attenuator
Technique. A noise source electrically generates hot and cold loads so
that the Y-factor method can be used to determine the noise temperature of
the LNA. The cooled 20-dB attenuator reduces the temperatures of the
hot and cold loads to minimize errors during the Y-factor calculation. The
noise and losses contributed by the coaxial and attenuator are accounted
for during the de-embedding process. The extermal LNA is used to
minimize the influence of the noise figure meter. An isolator is used to
terminate any reflections created by the external LNA.

The cryogenic attenuator method was first used by Weinreb and Kerr at the
National Radio Astronomy Observatory (NRAO) [24]. There are several advantages to
adopting this method that help reduce errors present in cryogenic measurements. This
technique better masks the effects of the changes in impedance caused by the switching
in the noise diode between off and on states [30]. In addition, the insertion loss from the
coaxial cables and SMA connectors inside the dewar contribute less to inaccuracte noise
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temperature measurements.

These effects are removed through the de-embedding

process explained further in the next section.
The primary use of a cold attenuator is to reduce the noise power applied to the
LNA under test. Then,

and

, along the linear noise extrapolation, shown in Figure

2-2, are much closer to the noise temperature of the device [15].

Moreover, to

circumvent some of these issues, past cryogenic measurement techniques used
mechanical switches to change between hot and cold temperature states. Inserting a cold
attenuator into the system eliminates the need for these mechanical switches.
To fully characterize the noise properties of the LNA prototypes, the cryogenic
attenuator method was joined with the high quality commercial noise figure meter,
Agilent N8973A. The block diagram in Figure 4-10 shows the connections between this
instrument, the dewar, a noise source, an isolator, and an additional test LNA. The
purpose of the isolator is to correct mismatched impedances between the DUT and the
external LNA by terminating reflected waves that will distort the measurement [45]. The
function of the external LNA is to reduce the influence of the noise figure meter, which
usually has a larger noise figure [14]. A SNS Series Noise Source (Agilent N4000A)
used provides the noise power to the test system. The noise source must be calibrated
prior to measurement to remove the effects of cables and connectors outside the dewar.
The measurements recorded for the Hittite prototype are shown in the Figure 4-11 below.
The bias current was increased until the optimum power supply conditions were
determined to be approximately 4V, 50mA at 20⁰K.
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Figure 4-11: Noise Figure Measurement of Hittite Prototype Amplifier.
These measurements were recorded at a variety of bias conditions at room
temperature (293⁰K) and at cryogenic temperatures (20⁰K). These
measurements are displayed without removing the noise contribution of
the coaxial lines inside the dewar. Note the absence of a 20-dB in the
measurement system results in unrefined data as it is averaged, caused by
switching in the noise source. The results above signify that the optimal
bias condition for the Hittite prototype is 50 mA, 4V at 20⁰K.

The results for the Minicircuits design are portrayed in Figure C-4. These measurements
were taken at a variety of bias conditions to discover the optimum power supply of the
amplifier.
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4.4

De-embedding Procedure

When making measurements on a device immersed in helium cooled to 15⁰K, a
different approach is needed to achieve accurate results.

In order to take precise

measurements of the amplifier, the test system must be fully characterized. Typically,
measurement instruments are able to remove the effects of noise and losses caused by
components outside the dewar, such as those due to cables and connectors. At this point,
a noise figure meter measures the noise contribution of an amplifier using a calibrated
noise diode to present two known levels of noise to the input of the LNA. The noise
figure meter then measures the change in output noise power between the two states.
However, fully characterizing cables and connectors inside the dewar in a cryogenic
environment is more complex.

To overcome this challenge, a profile of noise

temperature and losses of all test components such as cables, connectors, and attenuators
inside the dewar system was created.
The de-embedding procedure allows for the determination of actual hot and cold
noise powers that are applied to the input of the LNA under test. The first step of the deembedding procedure is to calibrate the noise source by determining its excess noise ratio
(ENR). This ratio can be described by equation 4.1,

(4.1)
where

is the ambient temperature of the room measured by the noise source and

will be approximately 290⁰K. This ENR data is required to correct the original data
measured by the noise figure meter [24]. Next, the temperature gradient created in the
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coaxial between the connectors on the dewar and the amplifier ports must be quantified.
The insertion loss and a physical temperature profile of the input and output test bed
transmission lines were measured at both room and cryogenic temperatures using the
setup shown in the block diagram in Figure 4-12.

From the noise temperature

measurement at room and cryogenic temperature of the input and output cables, the
effective noise temperature of each can be computed (denoted in this paper as

and

respectively).

Figure 4-12: Measurement Setup for De-embedding Procedure. This setup
is used to characterize the noise profile of the input and output coaxial
lines at cryogenic temperatures. When the attenuator above is replaced
with a 20-dB attenuator, the same setup can be used to isolate the effects
of the 20-dB attenuator on the system.

As discussed in prior sections, because of the complications arising from bending
stainless steel cables, the use of “dummy” components such as a 0-dB attenuator and
Thru Chassis were used to minimize changes in the system between measurements. By
measuring the insertion loss of the cable with the vector network analyzer, the actual loss
of each stainless steel cable can be approximated to be half of the S 11 measurement with
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the input and output cable losses denoted

and

respectively in this paper. For this

approximation to be accurate, the cables inside the dewar connecting to the amplifier
were made as symmetrical as possible with respect to the insertion loss and phase
components from the ambient temperature to cryogenic temperature ends. Next, a 20-dB
attenuator replaced the 0-dB attenuator in the test setup and the noise and S-parameter
measurements were repeated at both room and cryogenic temperatures. The equivalent
noise temperature and the loss contributed by the attenuator are labeled as

and

respectively.
The data gathered through the de-embedding procedure is used to correct the
original noise figure measurements and reduce errors created by uncertainties from the
dewar’s connector and cables.

Thus, the equivalent noise temperature low noise

amplifier can be calculated using equation 4.2 [14],

(4.2)
The equivalent noise temperatures and losses attributed with each component are
illustrated in Figure 4-13.
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Figure 4-13: Noise Measurement Test Setup and Computed Variables.
The losses from each component were measured using the network
analyzer. The noise figure meter was used to characterize the noise
contribution of coaxial lines and 20-dB attenuator and compute their
effective noise temperature of ( ). These values can be used to compute
the actual noise temperature of the device under test.

While the errors are significantly reduced with this de-embedding procedure, a small
amount of uncertainty is added due to the unknowns of the 0-dB attenuator and thru
chassis in Figure 4-12. This uncertainty was deemed acceptable to prevent the need to
insert additional uncertainty by repeatedly bending the coaxial cables between
measurements.

4.5

Spectrum Analyzer Measurement and Unconditional Stability Test

An unconditionally stable amplifier is imperative for accurate signal recovery. By
comparison, an unstable and oscillating amplifier creates spurious emissions that can
distort the received signal. A LNA is considered unconditionally stable when it does not
oscillate regardless of the source or load impedance connected to the amplifier. Since

55

reducing the temperature of the amplifier affects its input and output impedances, the
amplifier must be thoroughly analyzed for unwanted oscillations from DC to 15 GHz in a
cryogenic environment. First, the output of an amplifier was analyzed for spurious
emission during normal biasing conditions in a cryogenic environment as shown in
Figure 4-14.

Figure 4-14: Spectrum Analyzer Instrument Setup. In this setup, a 50Ω
resistor terminates the input of the LNA to minimize additional
reflections. The LNA is biased and the spectrum analyzer detects any
oscillations produced by an unstable amplifier. This test setup is useful to
detect oscillations produced by the changing impedances of components
during the cooling process.

For this measurement, the input of the amplifier was terminated with a 50Ω load. The
output of the amplifier was connected to the Agilent PSA Series Spectrum Analyzer
E4448A.

A 0-dB attenuator connected the input transmission line so that other

measurements could be performed without having to make major changes to the test
setup.

The major purpose of this test is to detect oscillations caused by amplifier

instability at various bias configurations and a variety of impedances.

To ensure

unconditional stability, a variable short is used to present a variety of impedances to
amplifier ports as shown in Figure 4-15.
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Figure 4-15: Unconditional Stability Test. Using a typical spectrum
analyzer instrument setup, a variable short creates a range of impedances
at the input port of the amplifier. The spectrum analyzer then measures
any oscillations produced by the bias amplifier as its input impedance
varies. A similar setup, with the ports of the short and spectrum analyzer
reversed, can be used to test unconditional stability by presenting a range
of impedances to the amplifier’s output port.

By sliding the tap point along a shorted transmission line, a range of impedances were
presented to the ports of the amplifier with the spectrum analyzer detecting oscillations.
Both the Hittite and Minicircuits prototypes were tested for unconditional stability
in a cryogenic environment. The Hittite amplifier proved to be unconditionally stable at
all rated bias conditions.

As is common for cooled discrete transistor designs, the

Minicircuits amplifier oscillated as the transistor drain current increased. Still, once bias
current was lowered to 10 mA, the prototype achieved unconditional stability for a range
of biasing currents below the 10 mA threshold.

4.6

Gain Compression Measurement

An evaluation of an amplifier’s compression defines the upper limit of the
device’s dynamic range. Like the noise temperature measurement, gain compression is a

57

measure of the linearity of the device. The amplifier has a region of linear operation
where the gain is constant and does not vary with power level. The gain in this region is
referred to as small signal gain [28]. However, when the input power increases to a
certain point, the amplifier enters into a compression region. In this region, some of the
output can appear as harmonic spurious emissions rather than just the fundamental
frequency.
The 1-dB compression point is the most common method for expressing
compression and is defined as the output power level at which the gain decreases by 1dB
from the small signal gain [10].

A network analyzer was selected as the primary

measurement instrumentation as it can resolve amplitude differences to a higher degree of
accuracy than that of a spectrum analyzer. A network analyzer also features the ability to
sweep a measurement to show the variation of gain compression across the frequency
range of the amplifier.

Figure 4-16 shows the measurement setup with the dewar.

An attenuator was connected to the output port of the dewar to protect the network
analyzer from damage as the power level increases during the sweep.
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Figure 4-16: Gain Compression Measurement Setup. Both frequency
swept and power swept measurements are performed using this setup.
The frequency sweep allows for the location of the frequency where
compression first occurs. The power sweep finds absolute power level
corresponding to the 1-dB compression point.

The PNA-L network analyzer is capable of two methods for characterizing
amplifier gain compression [5]. One method sweeps over a range of frequencies to
identify the location at which the 1-dB gain compression first occurs. This measurement
normalizes to the small signal gain and observes the reduction in gain as input power is
progressively raised. The second method adopts a fixed frequency power sweep to the
input of the amplifier to detect the 1dB drop in gain from the small signal value. The
fixed frequency at which this is performed is selected based on the frequency at which
the 1-dB gain compression first occurs in the previous measurement method. Both
methods of evaluating gain compression were conducted on the two amplifier prototypes
at cryogenic temperatures. Specific details on gain compression procedures can be found
in [5].
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Performing the swept frequency method revealed gain compression first
appearing towards the lower end of the spectrum for both amplifiers.

The lower

operating frequency of the amplifier is 415 MHz, which was selected as the frequency for
observation for power swept gain compression measurements. Due to testing logistics,
gain compression measurements for the Hittite amplifier were made with a 10-dB
attenuator inside the dewar while measurements with the Miniciruits amplifiers were
made with a 0-dB attenuator inside the dewar. In the power swept measurement, the
network analyzer measured the small signal gain over a range of input power levels. As
expected, the PNA measurement established that as input power increased, the small
signal gain gradually compressed as illustrated in the sample curve shown in Figure 4-17.
The gain level of the amplifier operating in the linear region (Point A) and the gain level
compressed by 1-dB (Point B) were noted with delta markers on the PNA and the input
power level of the gain level compressed by 1-dB was recorded. The PNA also displayed
the absolute input and output power levels of the amplifier with the input and output 1-dB
compression levels identified along the sample curve shown in Figure 4-18.
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Figure 4-17: Sample Visualization
of Results for S21 as a Function of
Amplifier Input Power

Figure 4-18: Sample Visualization of
Results for Output Power vs. Input
Power Measurement

Table 4-1 and Table 4-2 summarize the results of the power swept gain compression
measurement.
Power Supply
Approximate Bias Values
Gain Measurement
Point A
Point B
Absolute Power Measurement
1-dB Compression Point

Voltage
3.5 V
Input Power
-24.425 dBm
-0.247 dBm
Input Power
-0.247 dBm

Current
30 mA
Gain
12.036 dB
11.035 dB
Output Power
11.336 dBm

Table 4-1: Summary of Results for the Gain Compression Measurement of
Hittite Prototype
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Power Supply
Approximate Bias Values
Gain Measurement
Point A
Point B
Absolute Power Measurement
1-dB Compression Point

Voltage
2.7 V
Input Power
-24.475 dBm
-5.542 dBm
Input Power
-5.542 dBm

Current
10 mA
Gain
18.873 dB
17.872 dB
Output Power
12.860 dBm

Table 4-2: Summary of Results for the Gain Compression Measurements
of Minicircuit Prototype

Graphical displays of the measurement results summarized in Table 4-1 and Table 4-2 are
displayed in the Appendix C. The 1-dB compression points of both amplifier prototypes
are close to the approximated target values computed in Figure 3-1.

4.7

Radar Pulse Recovery Test

For numerous atmosphere observations, an increased rate of radar recovery is
required. This is achieved by biasing the amplifiers at a higher current. The purpose of
this test is to determine the amount of time it takes for the amplifier to recover from radar
transmitter interference. In the radar recovery test, a signal generator synthesizes a strong
reference pulse like the sample signal in Figure 4-19, which simulates a radar pulse with
a signal power of -10dBm once it reaches the input of the amplifier. The pulse is
presented to the input of the amplifier, and a spectrum analyzer measures how it affects
the amplifier’s performance.
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Figure 4-19: Sample Visualization of Receiver Response to Radar Pulse.
A reference signal is presented to the input of the amplifier by generating
a high power signal pulse. The output of the amplifier is measured with a
spectrum analyzer to evaluate the amplifier’s response.

There are two types of waveforms, denoted as “Standard pulse” and “Long pulse” modes,
which were used to evaluate the recovery time of the amplifier. Since the type of pulse is
dependent on the type of radar observation, the test is designed to simulate a typical or
the standard radar operation that has leaked into the input of the amplifier. The test is
also designed to simulate the effects of the worst case scenario waveform or the long
pulse. The characteristics of each pulse are defined in Table 4-3.
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Parameter
Radar Pulse Width
PRF
Amplitude
Offset
Pulse Width
Lead Edge
Trail Edge
Phase

Standard Pulse
1 ms
40 Hz
2 Vpp
1V
1.2 ms
100 ns
100 ns
0⁰

Long Pulse
10ms
5 Hz
2 Vpp
1V
12 ms
100 ns
100 ns
0⁰

Table 4-3: Description Parameters of Standard and Long Radar Pulses

For certain incoherent scatter radar observations, the signal level and noise level must be
precisely measured by the receiver. Both the receiver’s gain and noise performance must
recovery quickly from the interference of the high power transmitter. Thus, the radar
pulse recover test must evaluate the time for both the gain and noise level of the LNA to
return to normal performance. The test setup and instruments used for both gain and
noise level recovery are shown in Figure 4-20.

In Figure 4-20, the two switch

configuration is used to prevent ringing caused by the pulsed waveform. The attenuator
and isolator before and after the DUT are used to ensure that the device’s input and
output impedances remain the same regardless of the switching configuration. The
results of the radar recovery measurement are shown in Appendix C.

From the

measurements, the Hittite prototype produces a negligible response in gain and noise
level to the radar pulse at optimal bias conditions. In contrast, the Minicircuits amplifier
requires a longer recovery time for both gain and noise level recovery. This extended
recovery time can be attributed to the optimal but low supplied power of the amplifier.
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Figure 4-20: Radar Recovery Test Setup for Gain and Noise Level. For the recovery measurement, a signal
generator creates a high power 430 MHz carrier wave. An RF switch is controlled by an arbitrary waveform
generator (AWG) that creates both the standard and long pulses. The AWG controls the RF switches so that the
state of ‘S1’ is opposite to that of ‘S2.’ The two switch configuration is used to prevent ringing caused by the
pulsed waveform. For the switches to be effective, the bandwidth of ‘S2’ must be larger than that of ‘S1.’ A low
power 450 MHz CW signal is coupled into the test chain to be able to measure the influence on the amplifier’s
gain. The attenuator and isolator before and after the DUT are used to ensure that the device’s input and output
impedances remain the same regardless of the switching configuration. The LNA with a gain of 15dB amplifies
the signal for measurement by the spectrum analyzer. For the noise level recovery measurement, the same setup
is employed without the addition of the low-power 450 MHz carrier wave.
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Chapter 5
High Temperature Superconducting Bandpass Filter
In the current 430 MHz receiver chain, the received signal recovered by the low
noise amplifier is first filtered by the cavity bandpass filter. This chapter discusses the
design and prototyping process for a narrowband, planar filter to replace the current
component in the first stage of receiver front end. The existing system features the lossy
cavity filter shown in Figure 5-1.

Figure 5-1: Current Resonator Cavity Filter in the 430 MHz Receiver
System. The cavity filter is outlined with a dashed rectangle. In the
receiver chain, the RF signal that is absorbed by the antenna feed is passed
through the turnstile junction and monoplexor before it reaches the input
of the cavity filter. The filter suppresses out-of-band RFI and passes the
signal to the first stage amplifier for recovery. However, the filter
contributes too much loss to the system and reduces its performance.
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The proposed replacement filter shall reduce the filter size, decrease the insertion loss,
and enhance selectivity by its implementation as a high temperature superconducting
(HTS) planar filter. When the low noise amplifier is connected to the output of the filter
inside a cryostat, the noise figure of the receiver can be reduced even further.

5.1

Filter Design Goals

Since HTS filter fabrication requires costly materials, the wafer size is typically
restricted to 2” in diameter [71]. Thus, the filter shall be implemented using microstrip
transmission lines due to ease of fabrication and the line’s ability to condense filter layout
size. Other structures such as vias, stripline, and multilayer structures were not used due
to their cost and fabrication complexity. Lumped elements would enable the design to
successfully meet the filter’s size requirement but would significantly degrade its Qfactor in the UHF band [50]. In place of standard copper, the filter geometry shall be
fashioned by the HTS thin film Yttrium Barium Copper Oxide (YBCO). Prior to etching,
this film is deposited on both sides of a Magnesium Oxide (MgO) substrate (εr=9.8 at
10GHz). The filter will then be chemically etched onto the top film while the bottom
film remains intact to serve as a ground plane. Further characteristics of the thin film and
substrate are shown in Table 5-1.
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Specification

Value
YBCO Thin Film
0.009
Loss Tangent
3000
Thickness
MgO Substrate
9.8
Dielectric Constant
20
Thickness
1.28x10-5
Thermal Expansion Coefficient
Wafer
2
Diameter
1.5x1.5
Area Available for Filter

Unit
at 10GHz

at 10GHz
mils
K-1
inches
inches

Table 5-1: Filter Material Characteristics [26]
For the initial stage of prototyping, a bandpass filter was synthesized on a
standard copper substrate that resembles certain properties of the HTS substrate, such as
thickness and dielectric constant.

Rogers TMM10i from the Rogers Thermoset

Microwave Materials Series [72] was selected for filter prototyping. The thermoset
microwave laminates are ceramic polymer composites designed for microstrip
applications. The materials in this series have an extremely low thermal coefficient of
dielectric constant which is amenable for adapting the prototype to cryogenic
applications. The characteristics of Rogers TMM10i are depicted in Table 5-2.
Specification
Dielectric Constant [21]
Loss Tangent
Thickness
Copper Weight
Surface Resistivity
Thermal Coefficient
Thermal Conductivity

Value
9.35
0.002
25
0.5
4x109
-43
0.76

Unit
at 2.5GHz
at 10GHz
mils
oz.
Mohm
ppm/K
W/m/K

Table 5-2: TMM10i Laminate Characteristics
A microstrip filter was then designed using the parameters of the TMM10i substrate. A
summary of the design requirements for this filter prototype is shown in Table 5-3.
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Specification
Configuration
Transmission Line Type
Substrate
Center Frequency
1-dB Cutoff
Bandwidth
Order
Ripple
Connector Type
Stopband Attenuation
Layout Area

Value
Unit
Bandpass
Microstrip
Rogers TMM10i
430
MHz
418-442
MHz
24
MHz
4
<0.2
dB
SMA Female Jack, End Launch
<-20
dB
1.5x1.5
inches

Table 5-3: Filter Prototype Design Requirements

5.2

Planar Microstrip Filters

Planar filters are typically compact and relatively easy to fabricate. The primary
characteristics of interest in a microwave filter are frequency range, bandwidth, insertion
loss, stopband attenuation, and input/output impedance. Standard microstrip filter design
begins with the development of a lowpass prototype, which can be used to design a
conventional parallel coupled-line filter or hairpin resonator. These arrangements consist
of identical resonators arranged in a cascaded series. While the filters designed directly
with the lowpass prototype design are not practical due to the size requirements of this
project, the lowpass design method can be modified for more advanced techniques
applicable to this project. The typical procedure for designing lumped element filters in
accordance with a lowpass response is to use a combination of lumped element inductors
and capacitors to create a certain order filter. Transfer functions are selected for highest
priority response characteristics. For instance, a Butterworth low pass filter should be

69

used to achieve a flat insertion loss response at DC and rise as fast as possible with
increasing frequency. In a Chebyshev response filter, insertion loss remains less than a
specified ripple level up to a specific cutoff frequency, then also rapidly rises with
frequency [52]. Because of the ability to define ripple level and cutoff frequency, the
Chebyshev response was selected as the starting point for this planar filter design.
By definition, this lowpass prototype is a theoretical, normalized filter design that
is centered around zero radians per second and has upper and lower cutoff frequencies of
[39]. The values of the elements that comprise the prototype can be chosen by
selecting a transfer function followed by component values in accordance with defined
element value tables.

These component values are used to create an ideal circuit

comprised of capacitances and inductances. If other passband responses are desired
besides lowpass, specific transforms can be applied to each element value to achieve
highpass, bandpass, or bandstop responses [36].
As an alternative to using lumped components, the capacitances and inductances
calculated from the element values can be synthesized using microstrip structures. When
traditional filters are fabricated on an inhomogeneous transmission line such as
microstrip or coplanar waveguide, the filter experiences poor spurious suppression in the
higher frequencies above the passband. To improve selectivity in a standard filter, a
typical approach would be to increase the filter order. However, a higher order results in
larger layouts and often an asymmetrical filter response [31]. Thus, to meet the stringent
design requirements of this filter, more advanced design techniques must be employed to
modify the traditional resonator and standard cascaded configuration.
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5.3

Coupled Resonator Circuit

In conventional Chebyshev filters, coupling between elements is only present
directly between adjacent resonators.

When coupling occurs between non-adjacent

resonators, an effect called “cross-coupling” is obtained where RF power is coupled
through the circuit’s fringe fields of the resonator. With this type of energy transfer, a
more complex filtering characteristic called the quasi-elliptic response can be achieved
[31].
Cross-coupling between resonators can be utilized so that a pair of attenuation
poles or transmission zeros are placed strategically to enhance the selectivity of the filter.
This effect is a characteristic of the filter’s quasi-elliptic response and can contribute the
same level of rejection as two extra poles could [40]. Still, while the steepness of the
rolloff is improved on one side of the passband, the other still suffers from poorer
passband rejection. There are many ways to arrange resonators to induce cross-coupling.
The cascaded quadruplet configuration is shown in Figure 5-2, describing the interaction
between input/output ports and resonator elements.

Figure 5-2: Cascaded Quadruplet Filter Configuration [52]. Each
resonator is represented by a black dot. The source and load ports are
each represented by a white dot. Solid lines represent direct coupling and
dashed lines represent cross coupling. The cross-coupling is the key
element for implementing a quasi-elliptical filter response.
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The configuration in Figure 5-2 is comprised of cascaded sets of four resonators,
where each set features one cross-coupling effect. When implemented appropriately, this
configuration can be used to introduce two transmission zeros into the filter’s frequency
response. These transmission zeros can be placed at specific frequency locations to
improve the spurious rejection of the filter. The advantage of this configuration is that
because the effect of each cross-coupling is independent from one another, the filter can
be more easily tuned and the attenuation poles and transmission zeros can be better
manipulated [47]. This filter arrangement is best used in the design of bandpass filters
for narrowband applications.
To design a filter that employs cross-coupling, a coupling matrix provides a
complete description of all coupling paths in a filter. This coupling matrix contains
coupling coefficients and external quality factors of the filter. The practical design of
cross-coupling filters begins with a coupling matrix for an n-coupled resonator filter,

(5.1)

where

is the normalized coupling coefficient that relates to the required coupling

coefficient (

) through the fractional bandwidth (

) in equation 5.2:
.

(5.2)

Another important parameter for cross-coupling filter synthesis is the external quality
factor (

, which denotes the coupling between the source and the ith resonator and is

computed by:
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(5.3)
where

is the scaled external quality factor [52]. This scaled quality factor describes

the external coupling of the filter and how the filter connects to the rest of the system
[37]. In the coupling matrix above, self coupling denoted in the diagonal elements in the
coupling matrix represents the resonance frequencies of the circuit. In a filter without
cross-coupling, the main diagonal elements will all be zero and all resonators shall be
tuned to the center frequency. Using a matrix referred to as an “N+2 coupling matrix,”
the entire coupling network of the filter, including the coupling between the source and
load ports, is considered. Positive values represent inductive coupling and negative
values indicate capacitive coupling [37]. A synthesis method such as this does not
account for transmission line effects and is only valid for narrow passband filters. Since
the characteristic is symmetric, the cross-coupling does not have any effect on the
resonance frequencies of the resonators, since they are all at 430 MHz.
Utilizing the filter specifications defined in Table 5-3, a coupling matrix was
assembled for a four-resonator filter. Coupling between these resonators is derived from
coupling through adjacent fringe fields. The parameters of the fringe fields dictate the
type and extent of coupling between resonators.

At the fundamental resonance

frequency, each of the resonators has the maximum electric field density on one edge and
the maximum magnetic field density on the opposite edge [52]. Since the fringe fields
decay at an exponential rate, the electric fringe field is largest near the side of the
resonator having the strongest distribution of electric fields. Similarly, the magnetic
fringe field is highest near the side having the greatest distribution of magnetic fields.
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Thus, electric coupling can be induced if the two edges of coupled resonators with high
electric field density are in close proximity. In contrast, magnetic coupling occurs if the
edges with the maximum magnetic field of two coupled resonators are adjacent. A
concept called “mixed-coupling” can also occur between resonators featuring both
electric and magnetic coupling [39].
Similar to the design of the lowpass prototype in the previous section, element
values have been predefined for a cross-coupled four-pole prototype in [82]. From these
element values, the main design parameters of the filter, the coupling coefficients and the
external quality factors can be extracted using the following equations [52]:
(5.4)

(5.5)

(5.6)
.

(5.7)

The external quality factors and coupling coefficients comprise the N+2 coupling
matrix. Using [20], the following coupling matrix for the four-pole filter prototype can
be computed using the filter requirements,

(5.8)

where
.

(5.9)
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The coupling matrix

can be used to generate the physical dimensions of the

filter layout using a full-wave EM simulator [4]. Table 5-4 traces design requirements
and defined filter characteristics to each filter design parameter.

Design Parameters
Filter Order
Frequency of Transmission Zeroes
Filter Layout Topology
Resonator Total Length
Resonator Physical Dimensions
Cross-Coupling Dimensions (Resonator
Spacing)
Tap Location of Input and Output Ports

Traced Filter Characteristics and
Requirements
Stopband Rejection Level
Stopband Rejection Level
Connector Locations and
Transmission Zeros
Center Frequency and Wafer Size
Unloaded Q
Coupling Matrix
Coupling Matrix

Table 5-4: Design Requirements Traceability. This table identifies the
design parameters of the filter and traces each to its corresponding
requirement or filter characteristic. For instance, the requirement for
stopband rejection level dicates the needed filter order to meet this
requirement.

5.4

Resonator Element Design

For purposes of reducing the filter layout size, several resonator elements have
been developed, including hairpin resonators, stepped-impedance resonators, and
miniaturized hairpin resonators [47]. The miniaturized hairpin resonator design has
potential to reach less than half the size of those of a conventional hairpin resonator.
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Figure 5-3: Conventional Hairpin Filter (left) and Miniature Hairpin
Resonator (right) [63]. A conventional hairpin filter would occupy a
length of approximately 2.5” if fabricated on a substrate with
.
By folding the arms of the hairpin inward, coupling between two adjacent
lines increases the resonator’s capacitance. This increase in capacitance
allows the element’s resonant frequency to remain the same while
enabling the length of the resonator’s arms to shorten.

In addition to the reduced size, the miniature hairpin structure allows for easy tuning of
the resonant frequency without degrading the Quality factor [63]. These miniaturized
hairpin resonators use parallel coupled-lines to act as the low impedance section with a
capacitive load of the conventional hairpin [87]. The parallel coupled-lines are formed
by folding in the edges of the hairpin resonator as shown in Figure 5-3.
To determine the dimensions of the hairpin filter, a model of the resonators was
created in Agilent Technologies’s Genesys software [32]. This model accounts for
transmission line characteristics such as substrate thickness, copper thickness, dielectric
constants, resistivity, and surface roughness for microstrip line and coupled-line segments
in each resonator [60]. The design dielectric constant value (
was used in all simulations.

at 2.5GHz) [21]

Based on these factors, a mathematical model of the

transmission lines shown in Appendix D can be applied to roughly simulate how the filter
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performs based on each line’s width, length, and relative location. Using the synthesis
equations in [63], initial resonator dimensions were calculated. These dimensions were
tuned and optimized in Genesys to achieve the desired frequency response. The Sparameters of the filter are depicted in Figure 5-4 where the filter insertion loss is shown
in red and return loss shown in blue.

Figure 5-4: S-parameters Comparison of Mathematical Models. The Sparameters simulated from the mathematical model of a miniaturized
hairpin resonator (green and orange curves) is overlaid with those of a
standard hairpin resonator (red and blue curves). Compared to the
standard filter, the steepness of the passband rejection of the miniaturized
resonator is improved by the insertion of two transmission zeros.

Figure 5-4 also features the S-parameters of a mathematical standard second order hairpin
filter for comparison purposes. The standard filter would have consumed at least twice
the area of the miniaturized filter. In addition, the miniaturized filter’s selectivity is
significantly improved due to the addition of two transmission zeros at approximately
400 and 470 MHz.
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Once a mathematical model of the filter configuration had been created, a more
complex model was created with Ansoft Designer software and analyzed with Designer’s
EM planar solver. Ansoft Designer [3] utilizes a simulation technique that is used to
calculate the S-parameters and radiated fields for a structure based on the mixed potential
integral equation (MPIE). The computational method referred to as Method of Moments
(MoM) is applied to the MPIE to solve for the current distribution on the surface of the
filter. Then, the S-parameters and the radiated fields are calculated from the current
distribution. The analytical feature of the software enables the physical dimensions of the
filter structure to be tuned and optimized.
Adjusting the length, width, and spacing of the coupled-lines (highlighted aqua in
Figure 5-5) in each resonator changes its capacitance. This capacitance combined with
the effects of the length and width of the remaining high-impedance line (colored purple
in Figure 5-5) in the structure defines its resonant frequency and the center frequency of
the passband. Furthermore, the spacing between resonator elements, which is set by the
coupling coefficients, impacts the bandwidth and ripple level of the filter’s response. The
external quality factor from the coupling matrix can be used to set the tap point for the
input and output lines to the circuit. At the midpoint of the hairpin resonator (or the
midpoint of segment t in Figure 5-5), a virtual ground occurs and coupling between input
and output ports would be at its lowest strength [63]. In the case of the miniaturized
hairpin resonator, the optimal tap location is shown as hatched lines in Figure 5-5. The
input and output transmission lines were matched to 50Ω lines with a width of 24.6 mils
to provide a suitable match to the SMA connectors. Since these transmission lines are
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matched to 50Ω, the length of these transmission lines do not impact filter performance.
This parameter shall be later defined by the port requirements of the HTS filter enclosure.

Figure 5-5: Hairpin Resonator.
Due to the cascaded quadruplet
configuration, RF power can enter and exit the resonator through a
transmission line located only along the range of t. At the midpoint of t, a
virtual ground is present making this point the least optimal location for a
tap point.

The four resonators are arranged to create magnetic, electric, and mixed coupling to
achieve a quasi-elliptic response. The full cascaded quadruplet configuration is shown in
Figure 5-6. The filter structure consumes an area of 1.61” x 1.56” excluding input and
output lines, whose length is variable in the prototyping stage. Figure 5-7 illustrates the
surface currents generated when port 1 is excited. The surface currents provide insight
into the current distribution and densities over the planar structure. This visualization
provides acumen into circuit behavior and often suggests modifications to improve the
performance.
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Figure 5-6: EM Planar Model in Ansoft
Designer

Figure 5-7: Current Distribution of
EM Planar Model

Figure 5-8 shows the S-parameter results of the EM solver’s analysis of the planar
model. The S-parameters predict that this filter structure shall meet the center frequency,
bandwidth, stopband attenuation, and ripple level requirements established in Table 5-3.
Figure 5-9 compares the simulated EM planar analysis of the filter structure and
calculated mathematical model of the microstrip circuit. Note that compared to the
mathematical model created in Genesys, the Ansoft Designer model is better able to
measure the cross-coupling effects. This is evident by the two distinct transmission zeros
that are more distinctly visible in the stopband along with four-poles in the passband.
The effectiveness of this model is verified by building the structure, measuring the filter’s
S-parameters, and comparing its performance to the EM planar model as discussed in
section 5.6.
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Figure 5-8: S-parameters Results of EM Planar Model of Miniaturized
Hairpin Resonator Simulation Displaying Insertion Loss (red curve) and
Reflection (blue curve).

Mathematical Model vs. EM Planar Model
0.00
m1

Dec15_milled

ANSOFT

m2
m3

-10.00

Y1

-20.00

-30.00

-40.00
Curve Info

-50.00

Name

m1
m2
m3

-60.00
300.00

X

Y

418.0000 -3.1403
430.0000 -2.3909
442.0000 -3.6300

350.00

dB(S(Port1,Port1))
PEM Setup : Sweep 1
dB(S(Port2,Port1))
PEM Setup : Sweep 1
dB(S(Port1,Port1))_1
Linear_4order_Data : Linear_4order_Data
dB(S(Port2,Port1))_1
Linear_4order_Data : Linear_4order_Data

400.00

450.00
F [MHz]

500.00

550.00

Figure 5-9: Comparison between Simulated Mathematical Model in
Genesys (dashed lines) and EM Planar Model in Ansoft Designer (solid
lines).

600.00

81
5.5

Advanced Resonator Design

As an alternative to folding the arms of the resonator to decrease layout area,
adding capacitance at the ends of the resonator can also be used to reduce its total
electrical length [47]. The capacitance at the end of a resonator element can be increased
by adding an interdigital capacitor instead of two parallel lines. This type of arrangement
is intended to reduce the circuit size and lower the spurious response. A microstrip
interdigital capacitor consists of a conventional-shaped but shortened hairpin resonator
shown in Figure 5-10.

Port1

Port1
Figure 5-10: Conventional Hairpin
Resonator

Figure 5-11: Interdigital Microstrip
Capacitor

The arms of the hairpin resonator hold an interdigital capacitor shown in Figure 5-11.
Capacitance is created by an array of interlocked fingers that serve as identical parallelcoupled fingers whose length is much less than the center wavelength [87]. Moreover,
capacitance can also be synthesized at the ends of the resonator using widened microstrip
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stubs to create low impedance, coupled lines. This type of structure is referred to as a
stepped impedance resonator.

This resonator type is employed to improve upper

stopband performance [53].
The cascaded quadruplet configurations of the interdigital hairpin resonator and
stepped impedance resonator structures are shown in Figure 5-12 and Figure 5-13
respectively.

Figure 5-12: Interdigitial Hairpin
Resonator Layout

Figure 5-13: Stepped
Resonator Layout

Impedance

The interdigital hairpin resonator resulted in the smallest layout and the best simulated
performance. This filter consumes an area of approximately 1.3 x 1.45” and meets the
filter layout requirements. The simulated results of the EM planar analysis are displayed
in Figure 5-14. The S-parameters predict that this filter structure shall meet the center
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frequency, bandwidth, stopband attenuation, and ripple level requirements established in
Table 5-3.
Simulated S
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Figure 5-14: S-parameter Results of Interdigital Hairpin Resonator Filter
Simulation Displaying Insertion Loss (red curve) and Reflection (blue
curve). The results of the simulation were obtained using Ansoft
Designer’s EM planar analysis.

5.6

Prototype Fabrication, Testing, and Verification

Filter prototypes were milled on a Rogers TMM10i substrate using T-Tech Quick
Circuit Prototyping System QC5000. Among several other filter configurations, the
miniaturized hairpin resonator and the interdigital hairpin resonator filters were
fabricated. During assembly of the SMA connectors, careful consideration was taken to
ensure that solder electrically closed any gap between the outer conductor of the SMA
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and the ground plane of the substrate to minimize forming parasitic inductances. The
filter configurations in Figure 5-15 and Figure 5-16 performed the best during testing.

Figure 5-15: Fabricated Miniaturized
Hairpin Resonator Filter

Figure 5-16: Fabricated Interdigitial
Hairpin Resonator Filter

The performance of the filters was evaluated using Agilent Technologies’ ENA Series
Network Analyzer E5071C. A short, open, load and thru calibration was performed
using Agilent Technologies’s Calibration Kit 85052D prior to measurement. The Sparameters of all prototyped filters were measured and the results displayed in Appendix
D.
It should be considered that, during implementation, the filter shall be placed in a
metal chassis. A totally enclosed structure can cause some problems since the chassis
itself can act as a waveguide or as a cavity resonator. Depending on the height of the air
gap, an effective capacitance forms between a microstrip line and the enclosure. This
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capacitance can be used to understand the variation of effective dielectric constant and
shift in the center frequency of the passband [81].
To anticipate the effects of the chassis on filter performance, a model was created
using Ansys HFSS [4] software to calculate the full 3D electromagnetic field inside a
structure. The HFSS solver uses the finite element method (FEM) which divides the full
problem space, referred to as an airbox, into many smaller tetrahedra called a finite
element mesh. The solver then models the field in each sub-region with a local function.
From the collection of functions computed for the finite element mesh, the full
electromagnetic field pattern can be determined. Then, an S-parameter matrix can be
calculated from the transmission and reflection that occurs from the modeled EM fields.
In HFSS, the entire domain is considered a perfect electric conductor. The filter and air
gap created by the removal of the perfect conductor are replaced with elements of finite
conductivity such as air, the substrate, and microstrip lines. The HFSS air box and planar
filter are shown in Figure 5-17.

Figure 5-17: HFSS Airbox and Filter Model. Varying the height of the
airbox allows the model to simulate the effects of the enclosure height on
filter performance.
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By analyzing this model, the correlation between enclosure size and deviation from filter
performance can be predicted.

As anticipated, the model predicts that the chassis

covering shall induce a shift in center frequency.

This shift is observed in results

displayed in Appendix D. Verification of the correlation between the model and an
actual enclosed filter requires the fabrication of a filter chassis and further testing. When
the model is verified, the physical dimensions of the filter can be tuned to compensate for
the effects of the metal enclosure.

5.7

Modeling of a High Temperature Superconducting Filter

Once the filters have been fabricated on a standard copper substrate and their
performance verified at room temperature, the designs can be adapted for operation on a
HTS substrate. The models created in Ansoft Designer are able to predict to a certain
degree the response of a filter fabricated on a standard substrate such as Rogers TMM10i.
To close the gap between the simulated and actual performance of a HTS filter, the
properties of the material must be taken into account. Once the effects of the HTS
materials can be anticipated, the S-parameters of the filter are able to be simulated.
Modeling of HTS transmission lines encompasses the characteristics of the thin
film material and the substrate’s dielectric properties. The most important aspect of the
model is a description of the HTS film surface impedance and its dependence on
temperature. The surface impedance of a YBCO film is approximately 1,000 times
smaller than that of copper in the operating band at cryogenic temperatures [43]. The
surface resistance of a HTS thin film material is defined by [78],
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(5.10)

where
.

(5.11)

The surface reactance is computed by,

(5.12)
Knowledge of how the real and imaginary components of the material’s surface
impedance vary with temperature is an important step to modeling the response of a HTS
resonator element and eventually the performance of cascaded quadruplet resonators
acting as a bandpass filter.
The foundation for the model of HTS surface impedance is centered on a set of
five parameters:
(5.13)
where

is the critical temperature,

is the penetration depth when T = 0,
resistance parameter.

is the normal conductivity when T =
is the propagation constant, and

,

is the residual

In addition, these parameters are dependent on the substrate

thickness (d), center frequency (f), and temperature (T) [79]. These parameters are
obtained experimentally through measurements of a single resonator element fabricated
on a HTS material. In the case of the interdigital hairpin resonator, a filter structure like
that shown in Figure 5-18 would be chemically etched onto a HTS wafer.
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Figure 5-18: Characterization of a Single Resonator Element. This setup
allows RF energy to be coupled into and out of a single resonator element.
The input and output ports of the test circuit can be excited from 50Ω
transmission lines leading to lines that couple directly to the resonator.

The HTS film parameters are obtained by measuring the resonant frequency and
unloaded Q-factor at different temperatures. From these parameters, the resonator’s
surface impedance can be accurately modeled. By characterizing the HTS resonator, the
relationship between HTS material and center frequency of the filter can be determined.
Once the response of a single resonator on a HTS material is characterized, the
direct- and cross-coupling between elements in a quadruplet configuration is able to be
simulated. Like the computations for a filter milled on standard copper, a coupling
matrix effectively describes the interaction between transmission lines in a planar
structure. Similarly, once the characteristics of a single resonator are known, a full-wave
EM simulator is used to analyze the complete planar structure. A method for improving
the computational procedure is discussed in [78]. The experimental characteristics of one
of the HTS resonators are used to create the surface impedance model for the simulation.
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It can be shown that the propagation constant

plays a key role in the deviation of the

center frequency of the filter’s passband. However, as the temperature decreases further
below

, the less influence

has on

, which is primarily dependent on the dielectric

permittivity, the substrate thickness, and the film thickness [79].
The need for obtaining the resonator’s experimental parameters drives the design
method for a HTS filter. The procedure for the adaptation of the interdigital hairpin
resonator and miniaturized hairpin resonator filters to HTS filters begins with fabricating
and measuring a single planar resonator at different temperatures below

. From this

measurement, model parameters of the surface impedance of the thin film and substrate
dielectric permittivity are extracted. Aided by a more improved resonator model, the
cascaded quadruplet filter configuration is simulated in order to tune and optimize the
physical dimensions of the structure. As a result of the analysis, a first iteration prototype
can be fabricated and measured. The experimental properties of this filter are then
employed as a correction for the initial model and used to generate a second filter
iteration [78]. To summarize, this procedure dictates that a minimum of three structures
must be fabricated on HTS wafers to fully characterize the performance of the filter.
From this method, the S-parameters of the filter are calculated from the experimental
results by analyzing the effect that temperature has on the filter’s surface impedance
parameters and resonant properties.
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Chapter 6
Conclusions and Future Work
In this thesis, new components were developed to improve the performance of the
Arecibo Observatory’s 430 MHz receiver. When implemented as part of the receiver
chain, the new components shall enhance many types of observations, including
incoherent scatter radar measurements. The first stage amplifier and filter in the front
end of the receiver have considerable influence on the entire receiver system's
performance including dynamic range, radar recovery time, and bandwidth.
As the central component in the amplifier design, four packaged integrated
circuits and discrete transistors were selected for their low noise, high linearity, and
ability to contend with high power input signals. These active devices were arranged in a
balanced configuration to take advantage of their noise characteristics without creating
undesired reflections in the receiver chain. A small assortment of low noise amplifier
prototypes were designed, simulated, fabricated, and tested with the goal of maintaining
low noise contribution while extending the 1-dB compression point.
Several precision measurements were conducted on two prototype amplifiers to
verify and compare their performance. The Hittite prototype amplifier proved to have the
best overall performance. The testing revealed that in a cryogenic environment, this
amplifier featured good S-parameters and stable performance. This component also
extended the dynamic range of the receiver by raising the amplifier’s 1-dB compression
point by at least 12 dB. The amplifier was hardly affected by a simulated radar pulse and
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its recovery time was negligible. The compilation of these results makes the Hittite
amplifier an improved candidate for replacement of the 430 MHz receiver’s current first
stage amplifier.
In conjunction with the amplifier, a first stage filter in the 430 MHz receiver front
end defines the bandwidth of radar and remote sensing observations. The current filter
contributes too much loss to the receiver system while the filter response fails to reject
some undesired RFI. In addition, certain remote sensing measurements require increased
bandwidth for accurate observations. A planar microstrip filter fabricated on a high
temperature superconducting material has shown promise in decreasing the receiver’s
insertion loss while reducing the size of the component itself.
Three filter prototypes were modeled and tested on a standard copper substrate
that approximated certain characteristics of the HTS material. Due to the requirements
set by HTS fabrication, design techniques were adopted to reduce the size of the filter
structure and enhance the selectivity of the filter’s response. Most central to the design
was utilization of cross-coupling to increase the apparent order of the filter. Furthermore,
three types of resonator elements derived from a standard hairpin shape were designed to
condense the overall layout area.

These resonators used coupled lines, interdigital

capacitors, or stepped impedance stubs to achieve a reduced size while maintaining the
passband requirements. Subsequently, each resonator type was arranged in a cascaded
quadruplet configuration, and the full structure was simulated using a planar EM solver.
Each of the filter prototypes were mechanically etched into a copper substrate and the
components’ S-parameters were evaluated. The interdigital hairpin resonator proved to
have the best simulated and measured performance.
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6.1

Future Work

This project provides the groundwork for the prototyping of improved
components in the 430 MHz receiver’s analog front end. The final stages of amplifier
development require continued testing of the amplifier prototypes, including the complete
analysis of noise contribution and a more rigorous characterization of the recovery
response to the radar pulse. Then, the design can be fabricated and implemented in the
430 MHz receiver systems in the Observatory’s Gregorian Dome and Line Feed Carriage
House. Prior to integration with the radio telescope, the final verification procedure
described in Chapter 5 shall be repeated on the LNA. Once the S-parameters, noise
figure, gain compression, recovery time, and stability of the amplifier has been
characterized in a cryogenic environment, the amplifier board and custom chassis can be
mounted inside the 430 MHz receiver’s cryostat chamber.
Furthermore, the filter structures developed in this thesis can be adapted for
operation on a HTS material. By extracting the experimental HTS characteristics of the
resonator elements proposed in this thesis, the surface impedance and dielectric
permittivity parameters for the filter can be determined. Using these parameters to create
a more accurate simulation, the filter geometry can be tuned and optimized for fabrication
on a HTS material. The measurements obtained during cryogenic testing of the first
iteration HTS filter can be used to further correct the filter model. Finally, a second
iteration HTS filter can be fabricated and utilized to verify both the model’s accuracy and
filter performance.
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Appendices
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Appendix A
Low Noise Amplifier Component Selection,

The performance of the amplifier operating at microwave frequencies depends
heavily on the quality of components.

Each component was selected for its good

performance in the amplifier’s band of operation. In-depth analysis was performed on
the major active components used in the designs as discussed in Chapter 3. In addition to
the MMICs and discrete transistors used in the designs, careful consideration was taken
when choosing the inductors, resistors, capacitors, and limiters for the prototype. This
section delves into some of the design decisions while selecting components for the
amplifier’s fabrication.

A.1 Inductors

Ceramic chip inductors manufactured by Coilcraft were selected for use in the
balanced amplifier’s matching networks. After comparison of component parameters
(like those shown in the Figure A-1), the 0603CS and 0805HQ series featuring
exceptionally high Q-factors and high self resonant frequencies were chosen. Once the
inductor series was selected, the S-parameter models given by the manufacturer were
incorporated into the ADS model to more accurately simulate the component parasitics.
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Figure A-1: Inductor Series Comparison [17] [18].

A.2 Capacitors

Mulitlayer

capacitors

manufactured

by

American

Technical

Ceramics

Corporation were selected for use in the balanced amplifier’s matching networks and
biasing circuitry. The 600S Series Ultra-Low ESR, High Q Microwave Capacitors [8]
were selected for its low equivalent series resistance (ESR) and high self-resonance
frequencies [56]. The 100B Series Porcelain Multilayer Capacitors [9] were chosen for
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decoupling capacitors in the amplifier’s bias network for its low noise and high Q. Once
the capacitors series was selected, the S-parameter models given by the manufacturer
were incorporated into the ADS model to more accurately simulate the component
parasitics.

A.3 Resistors

Thin film metal chip resistors manufactured by KOA Speer Electronics
Incorporated were selected for use in the balanced amplifier’s biasing circuitry. The
Ultra High Precision Series RN732A was selected for its precision, low thermal
coefficient of resistance (TCR), and low current noise [62]. In this application, current
noise in these components is directly proportional to the current flowing through the
device. Current noise measurements were performed on a RN73 series by [65] similar to
that of KOA Speer’s and the results are shown in the Figure A-2.
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Figure A-2: Current Noise of Surface Mount Devices with
100Ω Up to a Maximum Power Dissipation of 1 W [65].

A.4 Hybrid Couplers

Packaged surface mount hybrid coupler components were selected to implement
the balanced amplifier configuration shown in Figure 3-1.

Anaren’s Xinger II

XC0450PL-03P hybrid coupler was selected for low return loss, low insertion loss, and
high isolation.

According to the coupler’s specifications [85], each component is

expected to contribute loss of approximately 0.03dB at room temperatures.

The

packaging of the component provides structural durability and protection for operation in
a cryogenic environment. Finally, the large ground pad shown in Figure A-3 provides
good thermal contact for the couplers to reduce their noise contribution to the LNA.
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Figure A-3: Hybrid Coupler Mounting [85]. The numerous plated via
holes in the PCB in the large ground plane and placement of solder paste
(shown in the image on the right) provide good thermal and electrical
contact between the package’s case and the LNA’s ground. The coupler’s
mounted position and electrical connections are shown in the image on the
left.

A.5 Limiter

In radar and remote sensing receivers, limiter circuits protects the sensitive low
noise amplifier from being damaged by high power signals [48] [54]. The sensitive
circuits in an LNA are susceptible to damage from high power signals. Thus, the low
noise amplifiers in the front end of receiver system needs safeguards from high power
inputs [64]. To protect these circuits and maintain low noise figure, a high power and
low loss limiter circuit is required. While the limiter circuit was not implemented during
testing, proper component selection and consideration of its effects on amplifier
performance must be conducted.
A Schottky-PIN diode limiter was selected for its low threshold level. Placing a
Schottky diode in parallel with the PIN diode forms the Schottky-enhanced PIN limiter.
This arrangement reduces the limiting threshold due to the Schottky diode’s smaller turnon voltage [57]. Furthermore, the Schottky diode increases the time required for the
limiter to reach normal operation. This recovery period of the limiter is the state during
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which the device gradually returns to a low-loss state [48]. This transitory duration
hinders receiver performance and can contribute toward poor measurement results.
Avago Techologies’ Schottky Assisted Low Power PIN Diode Limiter (ASML5829) [7] was selected to protect the front end of the LNA. Unfortunately, the limiter
circuit will contribute more noise to the system. To best limit the amount of input power
reaching the sensitive components and to reduce the limiter’s noise contribution, the
ASML-5822 was placed behind the hybrid couplers in the balanced amplifier [11] as
shown in Figure A-4.

Figure A-4: Schematic of Balanced Amplifier with
Limiters (enclosed in rectangles).
The limiter adds a small amount of shunt capacitance to the circuit causing an
impedance mismatch that can be reduced with a parallel inductor as shown in Figure A-5.
Consequently, the limiter’s recovery time can be reduced significantly by the addition of
a ground return path through the addition of this shunt inductor component [48].
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Figure A-5: Model of Balanced Amplifier with Limiter
Circuit.
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Appendix B
Low Noise Amplifier Schematics, Simulation Results, and Layouts

This section contains schematics, simulation results, and layouts that are relevant
to the design of the LNA. The following schematics were created and simulated using
ADS’s schematic and linear analysis software. The layouts were created in ADS’s layout
software.

The boards were etched into the copper substrate and plated in gold by

Advanced Circuits, Inc [2]. Representation of components, such as MMICs, couplers,
and transistors, are grouped into blocks with n-ports that visually correspond to the
component’s data files containing S-parameter and noise information.

B.1 Schematics

Figure B-1: ADS Simulation of Balanced Amplifier Configuration. In this
ADS schematic, the hybrid couplers are represented by four-port data
modules with reference to ground. The two identical amplifier devices
and networks are encompassed by two-port data modules.
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Figure B-2: Schematic of non-ideal amplifier circuitry surrounding the
Minicircuits discrete transistor SAV-581+. This segment of RF circuit is
grouped in the two-port amplifier data module in Figure B-1. The
schematic displays matching networks, bias networks, and elements for
enhancing the circuit’s stability.
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Figure B-3: Hittite Amplifier Schematic. This schematic shows a channel
of non-ideal circuitry surrounding a single amplifier in the dual-amplifier
Hittite MMIC. The schematic features matching network and bias
network. The other channel features an identical circuit configuration.
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B.2 Simulation Results

Figure B-4: Non-Ideal Simulation Results for Individual Hittite Amplifier.
Arranged in a simulation setup similar to Figure B-1, the S-parameters of
the amplifier circuitry were analyzed. This simulation predicts that this
design shall result in high gain and isolation but shows the need to reduce
the return loss using the hybrid couplers. The individual amplifiers also
feature stable operation both in-band and out-of-band.
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B.3 Layouts and Fabrication

Figure B-5: Minicircuits Amplifier Layout. In addition to describing the
physical parameters of transmission lines, ground planes, vias, and
components for this design, this layout depicts the implementation of
source inductance using a wire suspended over the substrate.
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Appendix C
Low Noise Amplifier Measurement Results
This section contains in-depth measurement results for the Hittite and Minicircuits
prototypes, which were recorded during the final verification of the amplifiers in a
cryogenic environment.

The justification, procedures, and explanation for each

measurement are described in Chapter 4.

C.1 S-parameter Measurement Results

Figure C-1: Hittite S-Parameter Measurement Taken at 293⁰K. Inside the
dewar, the amplifier drew 40mA when biased at 3.75V.
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Figure C-2: Hittite S-Parameter Measurement Taken at 20⁰K. Inside the
dewar, the amplifier drew 50mA when biased at 3.75V. In comparison to
that taken at room temperature, this measurement shows an increase in
gain of 3dB at the frequency of operation. The measurement also shows
improved isolation but slightly degraded reflection parameters.

Figure C-3: Minicircuits S-Parameter Measurement Taken at 293⁰K.
Inside the dewar, the amplifier drew 30mA when biased at 3.75V.
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Figure C-4: Minicircuits S-Parameter Measurement Taken at 19⁰K. Inside
the dewar, the amplifier drew 6 mA when biased at 2.6V. Note that the
ports of the network analyzer were incorrectly reversed during this
measurement, resulting in an incorrect display of the touchtone file in both
graphs. The measurements indicate that the amplifier’s gain is not as high
as the Hittite prototype. There is also evidence that the transistor is
causing high reflections despite the mitigating effects of the hybrid
couplers.

The results for the Minicircuits design are portrayed in Figure C-3 and Figure C-4. The
Minicircuits design features four bias points (two gate and two drain bias points) that can
be independently adjusted. The measurements shown for the Minicircuits amplifier in
Figure C-4 feature lower gain than the Hittite amplifier. In addition, the S22 curve
indicates high reflection at approximately 400 MHz that appeared during the cooling
cycle. This reflection signifies the need for tuning component values in the circuitry to
change the output impedance of the amplifier.
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C.2 Noise Measurement Results

Figure C-5: Noise Figure Measurement of Minicircuits Prototype
Amplifier. These measurements were taken at a variety of bias conditions
at room and cryogenic temperatures.

When using a dual channel test setup similar to the one shown in Figure 4-1, it is
important to turn off any biasing or RF power being applied to devices not currently
undergoing testing. Since the amplifiers are so sensitive to interference, power applied to
an adjacent channel can invalidate the resulting measurements. Figure C-5 shows peaks
in noise figure that provide evidence that is indicative of this cross-talk.
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C.3 Gain Compression Measurement Results

Figure C-6: Gain Compression Frequency Swept Measurement for the
Hittite Prototype. The curve displayed is the normalized small signal gain
of the Hittite Prototype showing evidence of compression towards the
lower end of its operating band. The marker at 415 MHz identifies the
approximate 1-dB drop in small signal gain where the 1-dB compression
point occurs.

Figure C-7: Gain Compression Frequency Swept Measurement for the
Minicircuits Prototype. The curve displayed is the normalized small
signal gain of the Minicircuits Prototype showing evidence of
compression towards the lower end of its operating band. The marker at
415 MHz identifies the approximate 1-dB drop in small signal gain where
the 1-dB compression point occurs.
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Figure C-8: Gain Compression Power Swept Measurement for Hittite
Prototype. Recorded at 415 MHz, the curves illustrate the performance of
the Hittite amplifier as a function of input power. The x-axis displays the
network analyzer’s swept input power from -25dBm to 0dBm. The y-axis
displays two curves: (1) the amplifier’s gain (S21) displayed in magenta in
decibels (2) the amplifier’s output absolute power displayed in orange in
dBm. The measurement was taken with a 10-dB attenuator connected to
the input of the amplifier.
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Figure C-9: Gain Compression Power Swept Measurement for
Minicircuits Prototype. Recorded at 415 MHz, the curves illustrate the
performance of the Minicircuits amplifier as a function of input power.
The y-axis displays two curves: (1) the amplifier’s gain (S21) displayed in
magenta in decibels (2) the amplifier’s output absolute power displayed in
blue in dBm. The measurement was taken with a 0-dB attenuator
connected to the input of the amplifier.
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C.4 Radar Recovery Test Results

Figure C-10: Standard Pulse Length Gain Recovery Measurement for
Hittite Prototype. The test was performed on the amplifier that was biased
at 50mA, 3.75V and cooled to 19⁰K. An expected decrease in amplitude
in the amplifier’s output signal is visible with respect to the original
reference pulse. Despite this small disturbance, it can be concluded that
the Hittite prototype does not require time to recover from a high power
transmit pulse in this bias condition.

114

Figure C-11: Standard Pulse Length Noise Level Recovery Measurement
for Hittite Prototype. The test was performed on the amplifier that was
biased at 50mA, 3.75V and cooled to 19⁰K. From this noise response, it
can be concluded that the Hittite prototype does not require time to
recover from a high power transmit pulse in this bias condition.

Figure C-12: Long Pulse Length Gain Recovery Test for Hittite Prototype.
To test the limits of the amplifier’s ability to recover from high power
signals, the test setup generated a longer pulse to better measure any
disturbances in the amplifier’s gain response. However, at Hittite’s
optimal bias condition of 50mA, 3.75V, no disturbance was observed
besides the expected decrease in amplitude.
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Figure C-13: Long Pulse Length Noise Level Recovery Test for Hittite
Prototype. From the amplifier’s noise response at Hittite’s optimal bias
condition of 50mA, 3.75V, it can be concluded that the noise level is not
disturbed by high power input signals.
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Figure C-14: Standard Pulse Length Gain Recovery Measurement for
Minicircuits Prototype. The test was performed on the amplifier that was
biased at 6mA, 2.6V and cooled to 19⁰K. In contrast to the level of
reference pulse, the amplifier requires approximately 75% of the reference
pulse width to recover to normal operation.

Figure C-15: Standard Pulse Length Noise Recovery Measurement for
Minicircuits Prototype. The test was performed on the amplifier that was
biased at 6mA, 2.6V and cooled to 19⁰K. In contrast to the level of
reference pulse, the amplifier requires approximately 60% of the reference
pulse to recover to its unhindered noise level.
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Appendix D
Filter Schematics, Layouts, and Measurement Results
This section contains transmission line schematics, physical layouts, and Sparameter measurements that are relevant to the design of the filter prototypes. The
following schematic was created and simulated using Agilent’s Genesys software. The
layouts were created and modeled using an EM planar analysis in Ansoft Designer and
using a full-wave FEM simulator in Ansys’s HFSS. The boards were etched into the
copper substrate using a PCB milling machine. The fabricated prototypes were measured
using Agilent Technologies’ ENA Series Network Analyzer E5071C.
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D.1 Filter Schematics and Layouts
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Figure D-1: Mathematical Model for a Miniature Hairpin Four-pole Filter.
Created using Agilent’s Genesys software, this model takes into account
transmission line characteristics for microstrip line and coupled-line
segments in each resonator. The simulation models the Rogers TMM10i
substrate with a design dielectric constant value (
at 2.5GHz), a
substrate height of 25 mils, and a copper weight of 0.5 oz. The
mathematical model of the interaction between each resonator’s
transmission lines can be applied to roughly simulate how the filter
performs based on each line’s width, length, and relative location. Each
transmission line parameter was calculated from the desired line
impedance using microstrip synthesis equation.
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Figure D-2: Miniature Hairpin Resonator Filter Layout with Labeled
Physical Dimensions. Each resonator is identical with the exception of the
50Ω input and output transmission lines that have a width of 24.6 mils.
The resonator element features high impedance lines with a width of
15mils, low impedance lines with widths of 85mils, and coupled lines
widths of 53mils.
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Figure D-3: Interdigital Hairpin Resonator Filter Layout with Labeled
Physical Dimensions. Each resonator is identical with the exception of the
50Ω input and output transmission lines that have a width of 24.6 mils.
The resonator element contains an interdigital capacitor with nine fingers,
each having a width of 44 mils. The resonator element has high
impedance lines with a width of 20 mils.
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D.2 Simulated and Measured Results
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Figure D-4: Miniature Hairpin Resonator Simulated (dashed) and
Measured (solid) Insertion Loss. The measured results show an
approximately 2-dB increase in the insertion loss present in the passband.

Passband insertion loss can be attributed to conductor and dielectric losses of the
substrate. An additional consideration in this stage of filter prototyping is the accuracy of
the fabricated dimensions of the microstrip lines. A digital microscope combined with a
camera can be used to better characterize the actual dimensions of the filter geometry and
compare them with those displayed in Figure D-2 and Figure D-3.

Some of the

dissimilarities between simulated and measured results are thought to be attributed to
inaccuracies in or discontinuities created by the PCB milling machine.
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MHR Measured S-Parameters
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Figure D-5: Miniaturized Hairpin Resonator Measured S-Parameters. In
comparison to the simulated results, the transmission and reflection
coefficients show a slight widening in filter bandwidth.
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approximately 1.5-dB increase in the insertion loss present in the
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IHR Measured S-Parameters
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Measured Planar S-parameters Compared to HFSS Enclosed Simulation
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Figure D-8: S-parameter Comparison between Measured Planar Filter
Performance (green dashed lines) and Simulated Enclosed Filter
Performance (solid red and blue lines). This 3D model of the filter
encased in an enclosure simulates the effects of a perfect electrical
conductor surrounding the filter structure. The model is designed to
predict how the filter would perform if its substrate was mounted to the
bottom of a metal chassis that tightly seals the filter in with four walls and
a lid. In addition to adding to the insertion loss, the simulation predicts
that the addition of the metalic surroundings will cause a low frequency
shift in the entire filter passband.
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