DRAFT VERSION MAY 26, 2023
Typeset using IATEX twocolumn style in AASTeX631

L Band Phased Array Feed Noise Figure and Radiation Efficiency Measurement
with the Antenna Y Factor Method

MiTcHELL C. BURNETT,! DAVID BUCK,! NATHANIEL ASHCRAFT,' SPENCER AMMERMON,! BRIAN D. JEFFS,! AND

KARL F. WaARNICK!

1 Department of Electrical And Computer Engineering, Brigham Young University, Provo, UT 84602, USA

ABSTRACT

The noise performance of a high sensitivity, wide-field astronomical phased array feed receiver can
be characterized by measurements using the antenna Y factor method. These measurements are used
to determine figures of merit for an active array receiver. Antenna elements for the Advanced L
Band Phased Array Camera for Astronomy (ALPACA) were measured using the antenna Y factor
method to determine the active array and receiver noise figure, the antenna loss, receiver equivalent
noise temperature, and radiation efficiency of the system over its 500 MHz operating bandwidth. The
completed ALPACA instrument will feature a fully cryogenic design with both the low-noise amplifiers
and array elements cryogenically cooled. The uncooled performance measurements from the antenna
Y factor method are used to extrapolate the elements cryogenic radiation efficiency and antenna loss
showing that it is expected that the elements will contribute less than 1 K to the overall system noise
temperature. These results validate the antenna Y factor method to measure key antenna parameters
such as the antenna radiation efficiency and show that the instruments front end array and electronics

meets expected performance targets.

1. INTRODUCTION

Receiver systems for applications in radio astronomy,
satellite communications, radar, and remote sensing re-
quire high antenna efficiency. Radiation losses in the
antenna elements exact a double penalty on SNR by re-
ducing the received signal power and increasing thermal
noise. When diagnosing and optimizing the design of
high-sensitivity receivers, methods are needed to accu-
rately quantify antenna radiation efficiency.

For a highly efficient antenna, measuring or simulat-
ing its radiation efficiency is challenging. Most methods
require expensive equipment or are difficult to use for
large array systems. Radiation efficiency can be mea-
sured with the Wheeler cap method (Pozar & Kaufman
1988), but computing the radiation efficiency requires
the choice of an antenna circuit model and the conduct-
ing cavity used in the method can perturb the current
distribution on the antenna. A well-calibrated antenna
range can also be used to determine gain and directiv-
ity and infer the radiation efficiency (Yang et al. 2013;
Senic et al. 2017), but this is a costly measurement pro-
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cedure that is hard to apply to large systems. Numerical
modeling of radiation efficiency requires subtracting in-
tegrated radiated power from the input power at the
antenna port, and commercial modeling software pack-
ages are in general not accurate enough to model the
radiation losses in highly efficient antennas. Due to nu-
merical error, radiated power can be higher than input
power, which violates conservation of energy. Special-
ized numerical techniques have been used successfully to
determine the efficiency of low-loss antennas (Maaskant
et al. 2009).

Another technique for experimentally quantifying the
performance of a high-sensitivity receiver is the antenna
Y factor method. The antenna Y factor method—
founded upon the principles of the benchtop Y factor
measurement for characterizing microwave systems—
measures the noise response of the antenna and con-
nected receiver electronics in the active antenna system
(Ashkenazy et al. 1985; Woestenburg & Dijkstra 2003;
Warnick et al. 2009; Beaulieu et al. 2016; Warnick 2017).
The receiver system may consist of a single antenna or
a large, complex antenna array with digitally formed
beams. The antenna Y factor method in its basic form
determines the noise performance of the full receiver sys-
tem, including noise due to losses in the antenna and
noise added by the receiver electronics after the antenna
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Figure 1. Viewing the ALPACA cryostat with the vacuum
window and one section of the RF clear foam removed. The
dipole array is shown along with components of the cryostat:
ground plane (blue), radiation shield (red), 25 K base plate
(gray), and 80 K base plate (green).

in the signal chain. This is parameterized by the active
antenna noise figure (Warnick 2022). The antenna Y
factor technique has been included in the latest revision
of the IEEE Recommended Practice for Antenna Mea-
surements, Std 149-2021 (2022).

The basic antenna Y factor method gives the noise
figure of the antenna and receiver as a combined sys-
tem, but with additional information, noise due to an-
tenna losses can be separated from the receiver noise
and the antenna radiation efficiency determined. This
can be done with a well-characterized front end amplifier
or a reference antenna with an efficiency close to unity
(Ashkenazy et al. 1985; Pozar & Kaufman 1988). In this
paper, we use a separate measurement of the equivalent
noise temperature of the front end receiver electronics
following the antenna. With an accurate measurement
of the receiver noise, the radiation efficiency of the an-
tenna under test can be determined from the antenna Y
factor measurement.

This method for measuring the active noise figure and
the antenna radiation efficiency was used to character-
ize the front end of the advanced L band phased array
camera for astronomy (ALPACA) (Burnett et al. 2020).
Figure 1 shows a rendering of the ALPACA cryostat
with part of the vacuum window and RF clear foam re-
moved showing the array elements. This instrument will
be a fully cryogenic wide-field 69-element phased array

feed and digital beamformer back end. Array elements
are a dual-polarized broadband dipole that have been
geometrically optimized to maximize beamformed array
sensitivity (Warnick et al. 2019).

For the antenna Y factor measurement, an ALPACA
dipole was placed in a copper ground shield to block
ground noise. The hot load was microwave absorber
foam and the cold load was the microwave sky. The Y
factor was measured over the ALPACA L band operat-
ing frequency range. The dipole was connected to an
uncooled LNA and additional gain blocks and the noise
power measured with a spectrum analyzer. The noise
figure of the LNA and gain blocks was measured using a
connectorized microwave noise source. These measured
values were used to estimate the antenna radiation ef-
ficiency. The ambient temperature measurements were
extrapolated to estimate the noise temperature contri-
bution of the dipole element at cryogenic temperatures.
These results help to validate the extension of the an-
tenna Y factor method to measure antenna radiation ef-
ficiency and provide a characterization for the expected
performance of the ALPACA receiver.

2. ANTENNA Y FACTOR MEASUREMENT
TECHNIQUE

In the antenna Y factor method, a hot thermal noise
distribution and a cold noise distribution external to the
antenna are used to probe the properties of an antenna
and receiver system (Warnick et al. 2009; Chippendale
et al. 2014). The Y factor is the ratio of the noise powers
at the system output with the hot and cold loads. From
the Y factor, the equivalent active antenna temperature
can be computed using (Kerr 1999)

_ Thot - YTcold

Teq y-1 "’

(1)
where Tiot and Ti1q are the brightness temperatures of
the hot and cold external noise distributions.

Microwave absorber at ambient temperature is com-
monly used as the hot load. The cold load is the mi-
crowave sky with a ground shield to block thermal radi-
ation from warm ground and objects near the horizon.
For the antenna parameters computed from the antenna
Y factor method to agree with IEEE standard defini-
tions for antenna terms, the temperature distributions
of the hot and cold loads must be isotropic. If ground
noise scatters into the antenna field of view a correction
can be made to Teo1q to adjust for the small anisotropy in
the cold load temperature distribution (IEEE Std 149-
2021 2022).

2.1. Active antenna noise figure
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A definition for the noise figure of an active antenna
system is given in (Warnick 2022). Using the relation-
ship F' = 1+ Te,/T0, the active antenna noise figure can
be found from the Y factor using

F= Thot - TO + Y(TO - Tcold)
(Y = 1)To

(2)

This is the noise figure of the antenna and receiver.
It parameterizes the noise performance of the system
including the antenna and all amplifiers, transmission
lines, and electronics in the signal chain from the an-
tenna port to the system output. The active antenna
noise figure captures all contributions to the system
noise except for noise from sources external to the an-
tenna. By convention, the external thermal environment
is isotropic when measuring the active antenna noise fig-
ure.

2.2. Antenna Y factor method and the system noise
budget

We now consider how the equivalent temperature in
(1) relates to the system noise budget. The system noise
temperature is

Tsys = Téxt + Tioss + Trec~ (3)

The external noise contribution is Ty = fyadText, Where
Teoxt is the temperature of the noise environment around
the antenna and 7,4 is the antenna radiation efficiency.
For antenna array receiver systems that include nonre-
ciprocal components, the radiation efficiency is replaced
by the receiving efficiency (IEEE Std 145-2013 2014).
Trec is the equivalent receiver noise temperature asso-
ciated with amplifiers and electronic components after
the antenna. The noise due to antenna losses is

,I‘loss - (1 - nrad)Tpa (4)

where T}, is the physical temperature of the antenna. For
the measurements reported in this paper, the antenna
physical temperature is the ambient outdoor tempera-
ture. In operation, the ALPACA receiver array is within
a cryostat under a vacuum window and the maximum
expected physical temperature of the dipoles is 25 K.

By convention the system noise temperature (3) is re-
ferred to the antenna terminals after antenna losses. If
we move the reference plane before antenna losses (i.e.,
to an equivalent sky temperature), we obtain

TSyS 1—‘1053 + TI'EC

= dext + : 5
Trad ¢ Trad ( )

Teq

It can be shown that the second term on the right hand
side is the equivalent temperature (1) measured by the

antenna Y factor method (Warnick 2022; Kerr 1999).
The antenna Y factor method therefore determines the
antenna loss and receiver noise contribution to the over-
all system noise budget at a reference plane before an-
tenna losses.

2.3. Measuring radiation efficiency

The antenna Y factor method measures the combined
noise performance of the antenna and receiver system.
This was shown in (5) to be an equivalent temperature
for the active antenna. However, the antenna and re-
ceiver noise contributions are together increased by the
antenna radiation efficiency. Their individual contribu-
tions cannot be determined without additional informa-
tion.

Equating the equivalent temperature for the antenna
Y factor as in (1) and using (4) for the antenna loss
noise, the antenna radiation efficiency in terms of the an-
tenna Y factor and receiver noise temperature is (War-
nick 2022)

(Tp + Tr60>(Y — 1)
Thot - Tp + Y(Tp - Tcold) ’

Tlrad = (6)
where T}, is again the physical antenna temperature and
Thot and Teo1q are the brightness temperatures of the hot
and cold external noise distributions when measuring Y
for the antenna Y factor. When the physical antenna
temperature and hot load can be approximately consid-
ered to be at the same temperature (6) can be simplified
and reduces to

(Tp + Tree)(Y = 1)
Y(Tp - Tcold)

Trad = (7)
The relative sensitivity of the radiation efficiency to vari-
ations in the cold sky temperature T,,q is proportional
to ATcord/Thot- For typical L band sky temperatures,
uncertainty in the cold sky temperature translates to
a relative error of £0.01 in the measured radiation ef-
ficiency, which is relatively low and smaller than the
typical uncertainty in the Y factor measurement.

To measure the radiation efficiency and subsequently
determine the separate noise contributions an additional
measurement to compute the receiver noise temperature
is needed. The measurement of Ty.. is made using the
standard benchtop Y factor method as previously dis-
cussed. This process of obtaining a secondary measure-
ment of the receiver noise temperature to be used jointly
with the antenna Y factor can be considered an exten-
sions of the antenna Y factor method for determining
the antenna radiation efficiency.

3. EXPERIMENTAL RESULTS
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Figure 2. Comparison of simulated S-parameters for a sim-
ple dipole model above a ground plane only and inside a
ground shield. The presence of the ground shield has min-
imal influence on antenna matching, indicating the ground
shield is not strongly coupled to the antenna and will not
perturb the antenna radiation efficiency measurement.

The antenna Y factor and radiation efficiency mea-
surement technique of the previous section were used to
characterize the ALPACA L band dipole antenna ele-
ment. The experiment was conducted at a remote out-
door location to provide an environment with as little
in-band radio interference as possible.

A custom copper screen ground shield was con-
structed. The geometry of the ground shield was
designed using a simplified dipole model and finite-
difference time-domain electromagnetic field solver (Em-
pire XPU). The design goal was to block thermal ra-
diation from the ground while minimizing the impact
of the ground shield on the antenna radiation pattern.
S-parameters and radiated field patterns for these sim-
ulations are depicted in Figures 2 and 3, respectively.
The influence of the shield on the dipole S-parameters
was negligible. The main lobe of the radiation pattern
is perturbed by the ground shield. In view of the near
isotropic distribution of the hot and cold thermal loads,
the effect of the pattern perturbations is negligible.

The Y factor measurements were made using the AL-
PACA instrument receiver and signal transport links.
For a single polarization of an array dipole, a flexible
stripline carried the LNA output signal from the antenna
and coupled it to a low-noise RF-over-fiber (RFoF) link
for long-haul transport to the digital beamformer back
end (Burnett et al. 2022). A full transport link with a
2 km spool of optical fiber was used. The RFoF downlink
was connected to a ZCU216 RF-system-on-chip (RF-
SoC) direct sampling at L band with an instantaneous
bandwidth of 500 MHz centered at 1500 MHz. ADC out-
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Figure 3. Simulation comparing radiation patterns of a
simple dipole model using a ground plane only and the
same dipole within the proposed ground shield geometry.
The ground shield reduces the main beamwidth of the an-
tenna radiation pattern and blocks thermal contributions
from ground sources in the Y factor measurement.

put samples were channelized using a 1024-point FFT
with power averaging over 64K frames to reduce sam-
ple estimation error in the hot and cold power measure-
ments.

Figures 4 and 5 show the experiment setup at the
remote site and the wood-framed stand with conductive
ground shield to support the antenna under test. The
base of the shield had a copper ground plane below a
rectangular funnel with 16 mesh copper walls. Antenna
Y factor measurements were made after sunset with the
opening of the shield pointed up to the sky for cold Y
factor measurements. When making hot measurements,
a large rigid panel with microwave absorber was placed
over the opening of the shield making contact with the
inner walls of the ground shield.

Measuring the radiation efficiency using (6) requires
two separate Y factor measurements: one to calculate
the equivalent noise temperature of the receiver, Ticc,
and the other for the antenna and receiver system. Mea-
surements of these quantities were made consecutively
to reduce errors due to thermal drift over time. To en-
able this without disturbing the receiver equipment, the
ground shield funnel was removable at the ground plane.
This allowed the antenna to be disconnected from the
receiver allowing access to the receiver input port for a
calibrated noise source. The antenna and the hot load
are the same outside ambient temperature and the ra-
diation efficiency was computed using the simplified ex-
pression (7). Because the astronomical receiver is highly
stable over a period of minutes, the receiver noise is the
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Figure 4. Equipment at the remote measurement site with
the conductive ground shield setup for a hot load antenna
measurement for the Y factor method.

2

Figure 5. ALPACA dipole placed in the ground plane of
the stand for the ground shield.

same in both the antenna and receiver Y factor mea-
surement and the receiver Y factor measurement.

The receiver Y factor was measured using a connector-
ized noise source. The resulting equivalent receiver noise
temperature computed from the receiver only measure-
ment is shown in Figure 6. The antenna and receiver Y
factor is shown in Figure 7. The antenna Y factor was
used to compute the active antenna noise figure using
(2) as shown in Figure 8.

As can be seen in the Y factor results, external noise
and radio frequency interference (RFI) are a factor in
the antenna measurement. It is challenging to measure
the antenna Y factor at all frequencies in the band of
interest due to interference from satellite services such
as GPS and Iridium. In Figure 7, contributions from
these interferes can be seen in the 1530-1630 MHz band.
Despite the observed interference, the results show that
it is practical to characterize the antenna performance
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Figure 6. Equivalent receiver noise temperature computed
from the receiver only Y factor for the ALPACA LNA and
RFoF signal transport system measured with a connectorized
noise source.
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Figure 7. ALPACA dipole antenna and receiver Y factor
showing the power ratio between the system output power
with absorber foam (hot) and sky (cold) loads. The presence
of satellite interferers can be seen in the band from 1530-
1630 MHz.

over much of the ALPACA operating bandwidth. The
receiver Y factor measurement is done using a fully con-
nectorized setup and the effect of RFI is negligible in
the receiver noise temperature results.

The measured radiation efficiency for the ALPACA
dipole is shown in Figure 9. For this result, the physical
antenna temperature, T}, was the outside ambient tem-
perature, 283.15 K (50° F), and an estimate of the sky
brightness temperature at L band, 6.88 K, was used for
Teola- This estimate is based on a survey of measured
sky brightness temperatures considering contributions
from the cosmic microwave background, as well as con-
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Figure 8. Measurement of the active antenna noise figure
from the antenna Y factor method for an ALPACA dipole
array element, LNA, and RFoF receiver link.
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Figure 9. Measured radiation efficiency for a single polar-
ization of an ALPACA dipole. Due to interference present in
the Y factor measurement the efficiency is invalid for 1530-
1630 MHz. The dipole has a radiation efficiency greater than
80% over its wide operating bandwidth.

tinuum and atomic hydrogen sources at declination 39°
45" (Dinnat et al. 2018).

Ignoring frequencies corrupted by interference, over
its wide operating bandwidth the ALPACA dipole has
a measured radiation efficiency greater than 80%. With
a measurement of the radiation efficiency for the dipole,
contributions to the system equivalent noise tempera-
ture due to thermal losses in the antenna can be deter-
mined using Tioss = (1 — 7yaa)Tp as shown in Figure 10.
The physical antenna temperature used here is the tem-
perature used when measuring the antenna Y factor and
calculating the radiation efficiency.
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Figure 10. Thermal noise temperature contribution due to
antenna losses for the uncooled ALPACA dipole using the
previously computed radiation efficiency.

3.1. Eztrapolation to Cryogenic Temperatures

In the completed instrument, the dipole and LNA will
be cooled within the ALPACA cryostat. The goal of this
measurement effort is to validate the ALPACA antenna
element design and understand the impact of antenna
losses on the receiver sensitivity. As the radiation ef-
ficiency measurements were made at ambient temper-
ature, they must be extrapolated to cryogenic temper-
atures. This can be done using measured data for the
electrical conductivity over temperature of the materials
used in the antenna element.

The ALPACA dipole is fabricated primarily from Alu-
minum 6061. The coax core that runs from the wedge
arms to SMA connector of the LNA is BeCU C17300.
The entire dipole is 99.7% pure gold plated with min-
imum 100 micro-in (2.54 pm) thickness and a layer of
copper for adhesion. At L band, the gold plating is
several skin depths thick, so the gold substantially de-
termines the electrical conductivity of the antennas.

At cryogenic temperatures, electrical conductivity is
quantified by the relative resistivity ratio (RRR). This
is the resistivity at room temperature relative to the re-
sistivity near absolute zero temperature. The RRR is
heavily dependent on the purity of the material, and
consequently the conductivity of materials at cryogenic
temperatures is complex and difficult to quantify pre-
cisely. The relationship between losses and and conduc-
tivity at microwave frequencies is further complicated
by anomalous skin depth effects (Finger & Kerr 2008).
Finger & Kerr (2008) give a value of 12 for the RRR of
gold near the maximum expected ALPACA dipole op-
erating temperature of 25 K. This was used to roughly
estimate the dipole radiation efficiency when cooled.



AASTEX v6.3.1 SAMPLE ARTICLE 7

Cryogenic Antenna Loss
4+ {u
<
'_

| ‘l

0 MWM ‘ ! AT
1200 1300 1400 1500 1600 1700 1800
Frequency (MHz)

e

Figure 11. Estimated antenna loss contributions for the
ALPACA dipole when operating inside the instruments cryo-
stat at a temperature of 25 K.

Using a loss resistance model for the dipole, the radi-
ation efficiency is

Rya
Tlrad = R d (8)

rad T Rloss ’
where R,.q is the radiation resistance of the antenna el-
ement, and is nominally 50 Q2. With the measured radia-
tion efficiency in Figure 9, the loss resistance, R)oss, can
be determined from (8). The loss resistance is reduced
by the cryogenic RRR of the gold plating to estimate
the radiation efficiency of the cooled antenna

Rrad
rad T Rloss/RRR.

9)

Thrad, 20K =
R

This quantity is shown as the cryogenic radiation effi-
ciency curve in Figure 9. Values for the predicted cryo-
genic antenna radiation efficiency that are greater than
one correspond to RFI corrupted frequencies bands.
The estimated contribution of antenna losses to the
ALPACA system noise budget computed from (4) us-
ing the cryogenic radiation efficiency is shown in Figure

11. The predicted value is below 1 K and is as expected
based on the ALPACA system design targets. There
is significant uncertainty in the RRR value for the ma-
terials used to fabricate the antenna elements. At the
lowest possible value of the RRR, the predicted cryo-
genic antenna loss noise temperature in Figure 11 may
be higher by 0.5 K, which remains within adequate per-
formance ranges for the ALPACA receiver.

4. CONCLUSION

For sensitive astronomical phased array receivers, such
as ALPACA, accurate yet simple techniques for charac-
terizing the performance of a system are required. Ex-
isting methods such as direct measurements using a cali-
brated antenna range, or a numerical simulation using a
high-quality loss model can be accurate. However, these
methods can be costly and complex in their setup and
implementation. With figures of merit for antenna and
receiver systems defined in terms of measurable noise
responses, the antenna Y factor method is a valuable
technique for determining the noise response throughout
the active receivers signal path. Measured results for the
ALPACA L band array element and receiver signal chain
validate the system design and shows that the extended
Y factor method for measuring an antennas radiation ef-
ficiency is a practical approach for characterizing system
losses due to the antenna element. Furthermore, with
the unique ALPACA cryostat design for cooling the an-
tenna elements, the extended Y factor method provides
for an estimate of less than 1 K for the expected cryo-
genic system noise performance of the array elements.
These results should allow the instrument to achieve re-
quired targets for system noise and sensitivity. In future
work, it would be of interest to repeat the measurement
for an array of antenna elements to assess the impact
of coupling between elements on the measured radiation
efficiency.
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