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ADS — Advanced Design System software
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GaAs — Gallium Arsenide

Gm — Transconductance

GHz - Gigahertz

HAA — Herzberg Astronomy and Astrophysics Research Centre
HEMT — High electron mobility transistor

IF — Intermediate frequency

InP — Indium Phosphide

LNA — Low noise amplifier

MHEMT — Metamorphic high electron mobility transistor
MIM — Metal-Insulator-Metal

MMIC — Monolithic microwave integrated circuit

NiCr — Nickel Chrome

NRC — National Research Council Canada

PDK — Process Design Kit

pHEMT - Pseudomorphic high electron mobility transistor
RF — Radio frequency

RT — Room temperature

S-Parameters — Scattering parameters (511, S12, S21, S22)
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1. Executive Summary

Achieving the goal of expanding the intermediate frequency bandwidth of the Atacama Large
Millimeter/Submillimeter Array (ALMA) receivers by at least a factor of two requires the development of
high performance wideband intermediate frequency (IF) low noise amplifiers (LNAs). In this study, three
prototype LNAs were designed, fabricated and tested utilizing different semiconductor technologies.
These include: i) Gallium Arsenide (GaAs) metamorphic high electron mobility transistor (mHEMT)
monolithic microwave integrated circuit (MMIC) technology, ii) GaAs pseudomorphic HEMT (pHEMT)
MMIC technology, and iii) hybrid Indium Phosphide (InP) HEMT technology. Their design, assembly, and

performance are detailed in this report.

All three technologies showed promise for ALMA wideband LNA applications having high gain and low
noise at cryogenic temperature. In particular, the mHEMT MMIC LNA that leverages the low cost and
maturity of GaAs technology, demonstrated the best overall performance having a wide 4 — 20 GHz
bandwidth. At room temperature, an average gain of 32 dB with a low noise figure of 1 dB were observed,
highlighting its potential as a warm stage amplifier. Moreover, the LNA showed stable cryogenic
performance, achieving 29.8 dB average gain and a noise level of 15 K over this bandwidth. With further
design optimization, we anticipate that this MMIC LNA technology can demonstrate considerably lower
noise level at cryogenic temperature and be a competitive candidate for future ALMA IF LNAs. In future
work, we intend to develop a second iteration prototype that incorporates cryogenic component models

to achieve this goal.

The GaAs MMIC pHEMT and InP HEMT LNAs demonstrated promising wideband cryogenic
performance as well, although they require some design modifications to improve various specifications.
This study has yielded valuable insights into key design trade-offs and how to adapt designs for cryogenic

temperatures, which will guide our future work developing wideband LNAs.
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2. Background

One of the highest priority goals of the ALMA Development Roadmap [1] is to expand the
instantaneous frequency grasp of ALMA receivers from its current total of 16 GHz (4 GHz chunks for each
sideband and polarization and employing IF amplifiers with a 4 — 8 GHz bandwidth) by at least a factor of
two. The Front End and Digitizer Upgrade Working Group has made a strong recommendation [2] for the
ambitious goal of quadrupling the bandwidth, requiring the development of IF amplifiers with a

bandwidth of 16 GHz (e.g. 4 — 20 GHz).

A central technology for realizing this ambition is the development of extremely wideband IF LNAs for
the various receiver bands of ALMA. Apart from the array collecting area (or the number of antennas) the
array sensitivity depends primarily on the overall system temperature and the IF bandwidth (for
continuum observations). The low noise amplifier is a critical component in the radio receiver that largely
affects the overall system noise temperature. Therefore, it is designed to have the lowest possible noise
and highest gain. Although the noise and gain are the primary concern in LNAs, the design must also
consider other amplifier parameters such as input return loss, stability and gain stability over an extended

period of observation time.

The main objectives of this study were to demonstrate a first iteration low noise amplifier prototype
for different semiconductor technologies targeting ALMA wideband IF amplifier requirements. Table 1
provides our estimation of ALMA’s future needs and form our design targets for this study. Although we
were targeting these specifications in our prototype designs, typically more than one iteration is required
to achieve such demanding performance. Thus, additional goals of this study were to obtain knowledge
regarding the trade-offs in LNA design for wideband applications, to assess the performance of different
semiconductor technologies/foundry processes at cryogenic temperature, and to identify further

development work required for future prototype iterations.
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Table 1. Design Targets: Wideband cryogenic IF LNA (performance at 15 K)

Bandwidth (GHz) 4 —16 (goal 4 —20)
Gain (dB) >30
Average noise temperature (K) <5
Maximum noise temperature (K) <8
S11 and S22 (dB) at 15 K <-10
Gain flatness (dB) +15
1 dB compression at input (dBm) 2-40
DC power consumption (mW) <30
Stability Unconditional

3. Methodology

In this study, the following semiconductor technologies were examined:

1. GaAs metamorphic technology (mHEMT) [3 — 4]: NRC designs were fabricated by an external

commercial foundry.

2. GaAs conventional pseudomorphic (pHEMT) technology [5 — 6]: NRC designs were fabricated by

an external commercial foundry.

3. InP LNA technology [7 — 10]: Wafer growth and fabrication were performed in NRC’s internal

research facilities.

Each of these semiconductor technologies provide their own advantages and disadvantages regarding
performance over a given frequency range, wafer fabrication maturity, reproducibility (chip-to-chip, lot-
to-lot), reliability, commercial availability, and cost. We describe our work developing prototype cryogenic
LNAs for each of these technologies, detailing their design, assembly, testing methods, and observed

performance.
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4. Prototype development

4.1 mHEMT technology

Significant progress has been made in the development of GaAs mHEMT technology in recent years,
which has resulted in performance rivaling that of InP technology, but at a much lower cost, increased
deviceyield, and higher market acceptance [4]. The GaAs mMHEMT MMIC process utilized in this work relies
on an epitaxial active layer with high Indium content, grown atop a metamorphic buffer layer that ensures
a gradual transition of lattice constant to the GaAs substrate. This technology results in high cutoff
frequencies and exceptionally low noise levels, making it ideal for MMICs at both room and cryogenic

temperature.

4.1.1 Design

In LNA design, the most critical component is the transistor for achieving low noise, high gain, and high
frequency operation. In order to ensure wideband frequency operation, careful consideration of transistor
size is essential. After evaluating the transistor models from the foundry design kits, two specific transistor
designs were selected 4 x 50 um and 6 x 50 um. The 6 x 50 um transistor is well-suited for the first
amplification stage due to its ability to achieve low noise and input impedance matching. Meanwhile, in
the second and third stages the 4 x 50 um transistors are used to increase the gain. By combining these
two different transistor sizes, an optimal balance of high gain and noise reduction was obtained across

the 4 to 20 GHz frequency band.

The passive components include resistors, capacitors and spiral inductors. The resistors are fabricated
from Nickel Chrome (NiCr) thin films and play a critical role in providing the DC bias and to stabilize the RF
performance. Metal-Insulator-Metal (MIM) capacitors are utilized for reactive impedance matching and

DC blocking. Whereas, discrete single-layer chip capacitors are used for the off-chip circuits. Square spiral
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inductors are incorporated into the LNA design for reactive impedance matching and to adjust gain

flatness.

Via-holes etched through the entire wafer thickness are used to establish a DC bias ground loop and
allow RF signals to pass to the ground plane. They also act as small heat sinks, effectively dissipating heat

from the transistors and passive components.

A three-stage transistor configuration was used to achieve over 30 dB of gain across the 4 — 20
GHz bandwidth. A single-ended cascaded common source transistor setup is suitable to achieve low noise,
high gain, and low power consumption. However, the bandwidth is inherently constrained by the intrinsic
gain slope and S11 dependence on frequency. The intrinsic gain of the 6 x 50 um transistor drops
significantly, from approximately 22 dB to 12 dB over a 4 — 20 GHz range. This considerable variation in
transistor gain presents a major challenge for maintaining gain flatness and achieving low noise matching
across the wide bandwidth. Moreover, S11 of the transistor remains above -2 dB throughout the
frequency range, complicating efforts to simultaneously achieve low noise matching and low S11.
Furthermore, the minimum transistor noise figure, has a linearly increasing dependence with frequency.
These factors highlight the difficulty of wideband LNA design when extending the operational bandwidth

to cover a 5:1 band ratio from 4 to 20 GHz.

As illustrated in Figure 4.1.1, the LNA design utilizes a single-ended, three-stage cascaded
transistor design with a common-source configuration. In the first stage, the input matching network
employs reactive impedance to minimize the contribution of resistive components, which can introduce
unwanted noise. For the second and third stage gate loops, the resistor values were carefully selected to
stabilize transistor operation. A small source inductance was used to facilitate low noise matching and
improving the reflection coefficient. In the drain loops, small resistor values are needed to ensure proper

and stable DC current. This allows transistors to operate at optimal noise levels with high gain. Since the
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transistor intrinsic gain decreases with increasing frequency, the interstage impedance matching network
is critical for maintaining gain flatness. At the output, a gain equalizer consisting of a RLC loop is used to

further adjust the gain flatness across the band.

p

Figure 4.1.1: Schematic diagram of the LNA circuit.

The schematic circuit of the initial LNA design was simulated using Advanced Design System (ADS).
The LNA performance was optimized and tuned with ADS to achieve low noise, high gain, and wide
bandwidth, using the room temperature process design kit (PDK) supplied by the wafer foundry (as
cryogenic PDKs are not available). The LNA schematic circuit layout is implemented in a 3 x 2 mm? area.
Additionally, the MMIC LNA layout underwent verification through Electromagnetic (EM) simulation. In
this EM-schematic simulation process, all of the passive component models from the PDK are checked
and verified by EM simulation to include the parasitic, interference, and real circuit environment
conditions. This process helps to improve the simulated results by tuning each of the components and the

circuit layout. The final MMIC LNA layout is shown in Figure 4.1.2.
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NRC C-K Band.NJ

Figure 4.1.2. MMIC LNA layout

The final simulated results are presented in Figure 4.1.3. As shown, the GaAs mMHEMT MMIC LNA
design successfully covers the frequency range of 4 to 20 GHz, achieving a gain of 33 dB with S11 and S22
both less than -10 dB. The noise figure remains below 1.1 dB across the band. Additionally, the MMIC LNA

chip exhibits unconditional stability, as indicated by the stability k-factor.

Simulation Results at 300 K
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Simulation Results at 300K
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Figure 4.1.3. Simulated results of the GaAs mMHEMT MMIC LNA at 300K. (a) Gain and noise figure,

(b) S11 and S22, (c) stability factor.
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4.1.2 Assembly

The MMIC LNA layout file was submitted for fabrication. Figure 4.1.4 displays a photo of the
fabricated LNA chip. A chassis was designed and fabricated for packaging and testing of the MMIC chip.
Figure 4.1.5 provides a 3D view of the LNA chassis assembly, which was constructed from Tellurium
Copper and then gold-plated to serve as the common ground plane and thermal sink. Figure 4.1.6 shows

the MMIC LNA chip and off-chip components installed within the chassis.

Figure 4.1.5. LNA chassis assembly drawing.
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Figure 4.1.6. A MMIC LNA chip integrated inside the chassis.

L

4.1.3 Performance

For room temperature measurements, a Keysight Noise Figure Analyzer 8959 and a smart noise
source were used to measure the noise figure of the LNA. To minimize standing waves between the LNA
and the noise source a 4 dB attenuator was placed between them. The measurement setup was calibrated
to ensure repeatability and stability. For testing at cryogenic temperature, a two-stage cryocooler was
used to cool the LNA to 15 K inside a vacuum chamber. The cold attenuator method was utilized to
measure noise and gain using the noise figure analyzer and an Anritsu Vector Network Analyzer was used

to measure S11 and S22 parameters of the LNA.

First, the LNA was characterized at room temperature. Figure 4.1.7 shows that an average gain of
32.3 dB and an average noise figure of 1.05 dB were obtained, equivalent to a noise temperature of 75 K,
across the 4 to 20 GHz range. This very low noise performance demonstrates that this LNA could be

effectively used as a warm stage IF amplifier.

The variation of S11 and S22 vs. frequency is shown in Figure 4.1.8. At 4 GHz, S11 is approximately

-7 dB. A common challenge in wideband LNA design is to achieve low S11 at lower frequencies. This issue
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arises because larger component values are required for impedance matching due to the high reflection

at the transistor gate. Additionally, S22 exhibits a peak of -6 dB around 18 GHz. In future work, both S11

and S22 will be tuned to achieve values below -10 dB across this frequency range.
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Figure 4.1.7. MMIC LNA gain and noise figure measured at 300 K.
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Figure 4.1.8. GaAs mMHEMT MMIC LNA S11 and S22 measured at 300 K.

Cryogenic measurements were subsequently conducted in our amplifier test cryostat. Figure 4.1.9

shows the gain and noise temperature measured at 15 K. An average gain of 29.8 dB and an average noise

temperature of 14.8 K were obtained. Interestingly, a noise temperature was reached of 10.3 K around
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17 GHz and around 8 K at 21 GHz. The LNA noise performance exhibits a negative slope with increasing
frequency, whereas the transistor's noise increases with frequency. This indicates that the LNA has not
yet achieved the minimum noise matching condition at cryogenic temperatures, as it was optimized using
a room temperature design kit. By optimizing the matching through the development and use of cryogenic
transistor models, the noise can be considerably further reduced across the entire frequency band.
Unfortunately, unlike hybrid LNA approaches the MMICs cannot be tuned without conducting another

wafer fabrication run.

S11 and S22 measurements taken at 15 K are shown in Figure 4.1.10. When the LNA is cooled to
cryogenic temperature S11 increases, indicating that impedance matching at the input has become less
effective at this temperature. However, S22 shows improvement at 15 K, although the peak remains at
18 GHz. These results suggest that both S11 and S22 require tuning of the design to optimize performance

at cryogenic temperature.

Measured Results at 15K
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Figure 4.1.9. MMIC LNA gain and noise temperature measured at 15 K.
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Measured Results at 15K
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Figure 4.1.10. MMIC LNA S11 and S22 measured at 15 K.

4.1.4 Future work

The GaAs mMHEMT MMIC LNA design, developed using room temperature PDKs, has shown promising
performance, especially for a first iteration. We believe that incorporating cryogenic component models
in future design iterations will enable us to produce cryogenic mMHEMT LNAs that are competitive with
state-of-the-art InP technology over this frequency range. We plan to develop our own cryogenic
component models using our newly obtained cryogenic probe station and conduct another design

iteration outside the scope of this study.

4.2 GaAs pHEMT technology

GaAs pseudomorphic (pHEMT) MMIC technology has been driven by a wide range of commercial
applications. Large wafers can be processed with high device yield and reproducibility and these devices
are readily commercially available. The benefits of this technology for low noise room temperature
amplifiers are well established. Here, we explore the potential use of this technology for ALMA wideband

IF applications for cryogenic amplifiers.
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4.2.1 Design

We have designed two LNAs based on this technology: a 4 — 20 GHz amplifier and an extended-Ku
band amplifier (9 — 19 GHz). Unfortunately, our 4 — 20 GHz LNA exhibited an issue with the gain and
additional troubleshooting will be required to understand the problem. Thus, we present the results of
our 9 —19 GHz LNA, which still demonstrates the potential of pHEMT technology for cryogenic wideband
applications. A 4 stage, single-ended cascaded common source transistor configuration was used, as
shown in Figure 4.2.1. The bandwidth of the amplifier is constrained by the transistor’s intrinsic gain

dependence versus frequency, as well as the frequency dependence of S11.

Vp Vp
] |
o
1
+——
] “
% Ve Ve Ve

Figure 4.2.1. Schematic diagram of the 4-stage GaAs pHEMT MMIC LNA.

After evaluating the transistor models from the foundry design kit, a 4 x 75 um transistor design was
selected. The intrinsic transistor gain decreases from ~16 dB to 11 dB over a frequency range of 9 to 19
GHz. This variation in transistor gain and deviation of S11 from 50 ohm pose significant challenges in
simultaneously achieving optimized noise matching and gain flatness in the LNA. The transistor’s

minimum noise figure linearly increases with frequency and the S11 of the transistor is greater than -2
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dB across the 9 to 19 GHz range, complicating efforts to attain both low noise matching and low S11

over this bandwidth.

In the first gain stage of the LNA, the input matching network uses reactive impedance to avoid the
noise contribution of the resistive components. The two small resistors and a shunt capacitor are used to
stabilize the bias and to block any radio frequency interference from entering the gate. The small source
inductance is used to aid in noise matching and to reduce the refection coefficient. In the second, third
and fourth stage gate loops, the inductors and resistors were chosen to match the gate impedance and
to stabilize the transistor operation. The drain loops require small resistor values and suitably chosen
inductors to ensure stable DC current for optimal noise and high gain. To address the gain roll-off with
increasing frequency, the interstage impedance matching network is critical. A gain equalizer consisting
of an inductor-capacitor (LC) loop is used to further tune the gain flatness and S22 over the wide

bandwidth at the output.

The schematic circuit of the GaAs pHEMT MMIC LNA was simulated with ADS software. The LNA
performance was optimized and tuned using ADS to achieve low noise, high gain, and wide bandwidth
based on the foundry’s provided PDK. Its performance was studied through EM simulation, which allowed
all passive component models from the PDK to be checked and verified to account for parasitics,
interference, and for operation in the real circuit environment. The final MMIC LNA layout of size of 1 x 3

mm?, is shown in Figure 4.2.2.

Figure 4.2.2. GaAs pHEMT MMIC LNA layout.
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Figure 4.2.3 shows the simulated results of the GaAs pHEMT MMIC LNA. As can be seen in this

figure, this LNA design has a bandwidth of 9 to 19 GHz with 37 dB gain, S11 <-5 dB and S22 < -7 dB. The

noise figure is ~ 1.3 dB over the entire bandwidth at room temperature.

Simulated results at 300K
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Figure 4.2.3. Simulated results of GaAs pHEMT MMIC LNA at 300K. (a) GaAs pHEMT MMIC LNA gain and
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4.2.2 Assembly
The pHEMT LNA layout file was submitted for fabrication. Figure 4.2.4 shows the fabricated chip.
The MMIC was then integrated into the chassis shown in Fig. 4.1.5. Figure 4.2.5 shows the chassis with

MMIC chip and the off-chip bias components installed.

Figure 4.2.5. Inside the chassis view of the GaAs pHEMT MMIC LNA.

4.2.3 Performance

The LNA was first characterized at room temperature. As can be seen in Figure 4.2.6, the LNA
achieved 37 dB average gain and 1.5 dB averaging noise figure over the bandwidth. This measured
noise figure included the loss of the RF connector and transition from the MMIC chip to the

microstrip/coaxial glass bead. Figure 4.2.7 shows S11 and S22 versus frequency. Comparing Figure
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4.2.7 with Figure 4.2.3 (b), the measured S11 and S22 of the LNA have strong agreement with the

simulation results.

Measured Resaults at 300K
45 9
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Figure 4.2.6. GaAs pHEMT MMIC LNA gain and noise figure measured at 300 K.
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Figure 4.2.7. GaAs pHEMT MMIC LNA S11 and S22 measured at 300 K.
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After completing the measurements at room temperature, the LNA was installed into our cryostat
to assess its performance at 15 K. The gain and noise temperature measured at 15 K are shown in Figure
4.2.8. This LNA design achieved about 40 dB average gain and 21 K average noise temperature from 9 to
19 GHz. It achieved approximately 12 K noise temperature between 8 to 10 GHz. The GaAs pHEMT
transistors demonstrated stable performance at cryogenic temperature and their gain increased by
approximately 3 dB compared to that measured at 300 K. The noise curve exhibits a ripple from 8 to 20
GHz, and then a rapid increase after 17.5 GHz. This indicates that this first iteration MMIC LNA design has
not achieved the optimum noise matching condition at cryogenic temperature (likely due to deviation of
component performance from the room temperature models). Figure 4.2.9 shows the measured S11 and
S22 at 15 K. Both S11 and S22 are improved when cooling the LNA to 15 K. S11 meets our target of < -10

dB from 9.7 to 19 GHz.

Measured Results at 15K
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Figure 4.2.8: GaAs pHEMT MMIC LNA gain and noise figure measured at 15 K.
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Measured Results at 15K
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Figure 4.2.9: GaAs pHEMT MMIC LNA S11 and S22 measured at 15 K.

4.2.4 Future Work

This work demonstrated that standard GaAs pHEMT technology can produce wideband cryogenic
amplifiers with very high gain and low noise performance. This technology benefits from reduced cost
compared to other cryogenic LNA technologies, greater wafer fabrication maturity and MMICs can be
produced with high yield and reproducibility. For future work we will troubleshoot and extend the MMIC
LNA bandwidth to cover a 4 — 20 GHz range. In addition, the noise and S11/522 impedance matching will

be optimized for cryogenic temperature.

4.3 InP HEMT technology

This section details the design of a hybrid LNA using InP HEMT transistors, fabricated at the National
Research Council Canada (NRC). InP HEMTs are known for their excellent performance in cryogenic
environments, particularly due to their very low noise characteristics. Despite their advantages, InP
fabrication technology is less mature and more costly compared to GaAs, with limited commercial
foundries worldwide. NRC has a facility capable of producing InP transistors, providing us with an
accessible source within Canada. We are collaborating with the NRC foundry to develop these transistors

and create component models for both room and cryogenic temperatures.
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4.3.1 Design

The LNA using InP transistors was implemented using hybrid circuit technology. The proposed LNA
design consists of four transistor stages in a common-source topology with independent gate and drain
biasing loops, designed to operate in the frequency band of 4 — 16 GHz. The schematic of the proposed
LNA is shown in Figure 4.3.1. The first two stages utilize a 200-um total gate width transistor to easily
match the noise impedance, while the other two use a 100-um total gate width transistor to favor gain
equalization. Figure 4.3.2 shows all transistors assembled in this amplifier. To obtain low noise and broad
bandwidth, an LC-ladder matching network is used. In the first stage, a bond wire is used as an inductor
in the gate bias instead of using a high-value resistor, as in the other stages, for noise matching while
reducing the noise temperature. The source degeneration technique was used by utilizing the inductance
of the bond wires to improve matching and stability. In addition, drain resistors and interstage DC-blocking

capacitors are also used to help achieve stability and gain equalization.

= RFqut

Fig. 4.3.1: Schematic of the proposed InP HEMT hybrid LNA.
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Fig. 4.3.2: Microscope image of transistors used in the hybrid LNA. Note: scratches on the device pads

are cosmetic and result from contact with the probe tips during testing.

The numerical analysis and characterization of the circuit shown in Figure 4.3.1 was performed
using Keysight ADS. As a process design kit is not yet available for the components used in this hybrid
design we have conducted a significant amount of testing in order to build the required models for these
components. For transistors, DC and RF characterizations were performed, and then a small signal model
for each device at different bias settings was built. Bond wires are sensitive elements, so it is important
to have an accurate model of them as well. These wires were modeled using CST Microwave Studio, an
electromagnetic CAD software, and their SnP files from CST were incorporated into ADS. All capacitors
used are DiCAP type, except for the 1 nF, and their modeling was done using the DiICAP model from ADS.

The resistors were modeled using the ADS library.

4.3.2 Assembly

The proposed hybrid LNA was assembled and packaged in a custom-designed gold-plated chassis
that covers the frequency range from 4 to 16 GHz. The chassis was manufactured at NRC in the machine
shop of the Herzberg Astronomy and Astrophysics Research Centre. To couple the EM fields propagating
without exciting higher modes, the size of the RF circuit assembly area in the chassis was designed to be
small enough to shift the cut-off frequency of the first waveguide mode far away from the operating
bandwidth. The transistor’s biasing network must be considered, where openings were made in the side

walls to accommodate the bias wires. The final configuration of the chassis consists of a series of pillars
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on both sides to bring in the gate and drain bias while maintaining a narrow chassis width. Figure 4.1.6 in

section 4.1 shows the 3D view of the chassis and parts.

A 15-pin micro-D connector embedded in the chassis was used to bias the LNA, and two coaxial
connectors were connected to microstrip lines at the input and output of the RF path. Figure 4.3.3 (a)
shows the fabricated chassis without its cover during the initial assembly process, where the input and
output microstrip lines, glass beads, DC pads, and decoupling capacitors were inserted, and the DC bias
wires were soldered. A photograph of the populated amplifier with all discrete components is shown in

Figure 4.3.3 (b), and Figure 4.3.3 (c) shows the amplifier with its cover.

Fig. 4.3.3: Inside view of the manufactured LNA showing (a) the empty chassis and (b) final configuration

with components installed, and (c) with its cover.

4.3.3 Performance

The measurement of the noise and gain of the LNA were carried out using an Agilent N8975A
Noise Figure Analyzer with the Y-factor method at room temperature and at cryogenic temperature (a
cold attenuator was used at the input of the LNA). The scattering (S) parameters at 300K and 15 K were

measured using an Anritsu 37397C Vector Network Analyzer.
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The S-parameters were measured at the bias conditions for minimum noise at 300 K as shown in
Figure 4.3.4. The room temperature average gain is 32.3 = 1.5 dB in the frequency range from 4 to ~15
GHz. The lowest noise figure achieved is 1.85 dB and the average is 2.45 dB. The input reflection loss has
a trade-off against the noise performance at low frequencies, but it was better than -5 dB from 4 to 11

GHz. The output reflection loss was below -10 dB in the majority of the band.
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Fig. 4.3.4: Measured results of the hybrid LNA at 300 K ambient temperature. (top) Gain, noise figure

versus frequency, (bottom) S11, S22 versus frequency.

The LNA was characterized at a temperature of 15 K, and the results shown in Figure 4.3.5.
Although the gain curve resembles that of the room temperature test, the peak-to-peak ripple nearly

doubled. The minimum noise temperature achieved was 9.2 K, with an average of 15.7 K over the 4 — 15
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GHz range. However, the noise was not as uniform as anticipated. During cryogenic measurements,
variations in the drain current of the first and second stages were observed, indicating that these
transistors did not perform as expected at cryogenic temperatures. For future design iterations, it will be
critical to develop cryogenic models for these transistors to improve predictability under such conditions.
At cryogenic temperatures, the input and output reflection loss curves maintained a similar trend as that
observed at room temperature. The overall reflection characteristics have modestly improved at
cryogenic temperature, however further tuning is necessary to improve the performance, especially in

the lower frequency range.
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Fig. 4.3.5: Measured results of the hybrid LNA near 15 K ambient temperature. (top) Gain, noise

temperature versus frequency, (bottom) S11, S22 versus frequency.
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4.3.4 Future Work

The first iteration of this LNA aimed to operate within a frequency range of 4 to 16 GHz, focusing
on achieving very low noise temperature while simultaneously achieving input and output reflection
losses less than -10 dB. While the results indicated that the design met some of the requirements across
the majority of the band, further improvements are necessary to fully meet the goals. The potential

improvements identified in this study include:

e As mentioned above, InP HEMT technology excels in noise performance at cryogenic
temperature, but suffers from poorer input reflection loss due to its highly reactive input
impedance at lower frequencies. To address this, the selection of a transistor with increased gate
size in the first stage and implementing a simpler input matching network to minimize the
reflected power while providing minimum noise will be implemented in future iterations.

e The transistors were initially modeled using scattering parameters measured at room
temperature and then fitted to a small-signal model. These models were used in the LNA design,
presenting the targeted gain flatness at room temperature, but this was not achieved at cryogenic
temperature. The transistor performance at cryogenic temperature is difficult to predict, and the
modeling of these transistors at cryogenic temperature is critical to identify potential issues and

ensure an effective LNA design.

5. Conclusion

We have described the development of three ALMA IF LNA prototypes using different semiconductor
technologies aimed at achieving low noise and wide bandwidth at cryogenic temperature. These initial
prototypes were created to evaluate the potential of these technologies for ALMA IF LNAs and to gain

valuable insights into the performance trade-offs involved in wide bandwidth operation.
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The first LNA was developed using a GaAs mHEMT MMIC technology that demonstrated stable
performance across a wide bandwidth of 4 to 20 GHz. Leveraging cost-effective and mature GaAs
technology, the design achieved an average gain of > 32 dB, a very low noise figure of ~ 1 dB, and high
stability over this wide bandwidth at room temperature. This LNA exhibited good results at cryogenic
temperatures (29.8 dB average gain and < 15 K average noise). With further tuning and optimization, we
anticipate that this MMIC LNA can achieve considerably lower noise level at cryogenic temperature and
would be a competitive candidate for future ALMA IF LNAs. At the conclusion of this study, we plan to
develop a second iteration prototype that incorporates cryogenic component models, which we will

create to optimize noise performance at low temperature.

The second semiconductor technology explored was GaAs pHEMT MMIC LNAs, which is the most
mature and lowest cost technology examined. While its use for room temperature LNAs is well
established, this study investigated its application for cryogenic amplifiers as well. Our LNA prototype
demonstrated a noise temperature of 21 K, a high gain of 40 dB, and high stability at cryogenic
temperature. These results suggest that GaAs pHEMT technology holds promise for ALMA IF LNAs, though

further development is needed to fully realize its potential for this application.

Finally, we developed a hybrid LNA using InP HEMT transistors fabricated at NRC. The initial design
achieved a high gain of 30 dB and a low average noise of 15.7 K across a 4 to 16 GHz frequency range.
However, challenges remain, particularly with input reflection loss due to reactive input impedance at
lower frequencies, and the need for robust transistor models at cryogenic temperatures. In parallel with
further development of InP electronics technology within NRC, our future work will focus on refining the

transistor models and improving the input matching networks.
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