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2.3 Power electronics

A 1.2-V GaAs MMIC Ultra-Low-Noise Amplifier for
K-band Applications

D. Galante-Sempere, D. Mayor-Duarte, M. San-Miguel-Montesdeoca, S.L. Khemchandani and J. del Pino
Institute for Applied Microelectronics (IUMA), Departamento de Ingenieria Electronica y Automatica
Universidad de Las Palmas de Gran Canaria
Las Palmas de Gran Canaria, Spain

Abstract— A four-stage K-band MMIC Low-Noise Amplifier
(LNA) is designed using a 70 nm GaAs mHEMT OMMIC process
(D0071IH). Based on Momentum EM simulation results, the four-
stage LNA achieves a gain of 29.5 dB £1 dB, a Noise Figure (NF)
as low as 1 dB and an Input Return Loss better than -10 dB across
the band. The LNA chip size is 2500pmx1750pm. The design
work flow allows the improvement of the NF and the Input Return
Loss of the LNA since the source impedance is selected to minimize
the number of elements required to implement the input matching
network. The input matching network of the proposed circuit
consists of a single tapered octagonal inductor in series with the
gate of the active device, resulting in a low impact for the NF
achieved by the first stage and a remarkable improvement of the
Input Return Loss of the LNA.

Index terms: Low Noise Amplifier (LNA), Monolithic
Microwave Integrated Circuit (MMIC), Noise Figure (NF), Input
Return Loss, Electromagnetic Simulation, Gallium Arsenide
(GaAs), K-band.

I. INTRODUCTION

III-V semiconductor compounds have attracted the attention
of integrated circuit designers in the latest years. For instance,
gallium nitride (GaN) devices exhibit numerous advantages in
terms of power management and efficiency, and they possess
the ability to withstand high input signal levels [1]. On the other
hand, gallium arsenide (GaAs) technologies provide a very low
noise figure (NF) at higher frequencies. Thus, GaAs devices are
suitable for systems with very restrictive noise requirements
and high frequency scenarios such as mmWave applications,
radio satellites, TV broadcast and 5G networks. The K-band,
operating from 18 to 27 GHz, is of particular interest since it is
typically utilised for satellite communications and high-
resolution radar, as well as short range military aircraft radios
and astronomical observations. In addition, Monolithic
Microwave Integrated Circuit (MMIC) processes offer a
compact solution to implement discrete components as well as
complete radio interfaces [2]. One of the main components of
wireless transceivers is the Low-Noise Amplifier (LNA). The
NF contributed by this element directly adds to that of the
receiver, affecting its overall sensitivity and linearity [2], [3].
Few works have been reported demonstrating LNAs with a NF
below 2 dB while achieving a high gain and reduced Input
Return Loss [4]-{6]. In this work, a four-stage GaAs MMIC
Low-Noise Amplifier with a NF below 1 dB and a DC Supply
of 1.2 V is presented. The LNA operates in the upper end of the
K-band (25.5 GHz up to 27 GHz), achieving a total gain of 29.5

dB with 1 dB ripple and an Input Return Loss as low as -12 dB
at a centre frequency of 26 GHz. In Section II, the design
approach for this circuit is explained, while Section I1I provides
key details regarding the proposed design. Section IV shows the
simulation results of the final LNA design and some
conclusions are drawn in Section V.

II. DESIGN APPROACH

The implementation of the first stage of the LNA is vital for
the overall performance of the amplifier. The most common
approach to design this stage is to select a source impedance
that leads to the minimum NF possible. This solution requires a
large number of elements to implement the input matching
network, which yields a poor NF. In order to avoid this
situation, the first stage of the LNA can be designed for
minimum Input Return Loss and the active device can be
selected so that its optimum source impedance (Sopt) presents a
real part of approximately 50 Q. To achieve maximum power
transfer, the conjugate match must be achieved at the input.
Since the real part of the Sy is 50 €, the matching network
must only cancel the imaginary part of this impedance. By
following this approach, the number of elements needed in the
input signal’s path is minimized.

To prove the validity of the above statement, two single
stage amplifiers were simulated. The first amplifier was
designed for minimum NF (NFuin) while the second one was
designed following the approach described above. Since the
contribution of the first stage to the overall NF is critical, once
it is successfully implemented the requirements for subsequent
stages can be relaxed.

The value of Vg and Vp for both amplifiers is fixed to -0.1
V and 1.2 V, respectively. The device size selected for
minimum NF is 8x28 pm, obtaining an ideal NF i, of 0.432 dB
and a maximum gain of 6.8 dB. To approximate the real part of
the Sope to 50 ©, a device size of 6x25.5um is selected, obtaining
a slightly higher NFyin (0.436 dB) and a maximum gain of 8.1
dB. The selected source impedance for the minimum NF
amplifier is given by equation (1) and the load impedance is
given by equation (2). The selected source and load impedances
for the second amplifier are given by expressions (3) and (4),
respectively. Note that source and load impedances are very
close to each other for the latter case.

Zg, = 38.6 +j - 8.6 (Q) )

Z,, = 4775+ j - 17.65 (Q) )
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Zgy = 49.95 + j - 19.7 (Q)
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Fig. 1. Simplified schematic of the single stage Low-Noise Amplifier.

Simulations were performed using the Advanced Design
System (ADS) software and OMMIC’s DO07IH process
models. Simulation results reveal that the NFni, amplifier
requires a shunt inductor of 0.557 nH and a series capacitor of
0.39 pF, yielding a noise figure of 0.61 dB and a gain of 6.621
dB. On the other hand, the second approach needs a single
series inductor with a value of 0.184 nH, resulting in a NF of
0.554 dB and a gain of 7.98 dB. These results show that our
proposal provides better results than the traditional approach.
However, the noise performance of the input matching network
can be further improved by minimizing the series resistance
(loss) of the inductor, which results in a higher quality factor at
the frequency of interest [3].

III. PROPOSED DESIGN

The OMMIC DO07IH GaAs process is selected for the
proposed design. The technology is characterized by a 70 nm
gate length, a f; of 300 GHz and a NF of 0.5 dB @ 30 GHz.
Each stage of the LNA is implemented with the topology shown
in Fig. 1. Each stage is designed with 6x25.5 pm, 6x23.5 um,
6x23.5 pm and 6x23.5 pm transistors, respectively. A Vg of -
0.1 Vand a Vp of 1.2 V are applied to all the transistors in order
to obtain a DC drain current of 30.2 mA for M1 and 28.7 mA
for M2-M4. A simplified schematic of the four-stage LNA is
shown in Fig. 2 and the layout of the circuit is depicted in Fig.
3. The die size of the full amplifier is 2500pmx1750pum.

N4

Fig. 2. Schematic of the proposed four-stage Low-Noise Amplifier.
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Fig. 3. Layout of the Low-Noise Amplifier.

Source feedback is applied to all the transistors due to the
multiple advantages it provides [6]. Namely, it prevents in-
stability and improves the Process-Voltage-Temperature (PVT)
variations of the circuit. The inductance arising from the two
source transmission lines (S1 in Fig. 1 and 2) allows the input
impedance of the transistor to approximate to the optimum
source impedance (Sopt). Thus, source feedback can improve the
Input Return Loss of the LNA. The size of S1 is 250umx10um
in order to achieve stability and a reduced NF for the first stage.
Transmission lines S2, S3 and S4 have a size of 200pmx10um,
which is enough to stabilize the transistors and obtain a slightly
higher gain than that of the first stage. Quarter wavelength
transmission lines (A/4) with a length of approximately 1 mm
and a shunt capacitor (0.74 pF) are used as RF Chokes to bias
the active devices [7]. The main advantage of this approach is
that it barely affects the matching networks and it has a low
impact on the overall NF of the LNA. Finally, a DC Block
capacitor (CB in Fig. 2) of 1.18 pF is placed between stages to
provide DC isolation.

As previously mentioned, the quality factor (Q) of the input
matching network has a great impact in the NF of the first stage
of the LNA. Therefore, the implementation of the inductor
included in the input matching network is a key parameter. For
the proposed design, a square inductor provided by the PDK
was tested using EM simulations (Fig. 4(a)). Fig. 5 shows that
the inductance and quality factor of this inductor are adequate.
However, to minimize the series resistance of the inductor, a
custom octagonal tapered inductor [8], [9] with a tapering of
1um per turn, shown in Fig. 4 (b), was tested. Its EM simulation
results are also presented in Fig. 5.

(a) (b)
Fig. 4. Simulated current density of the (a) square and (b) octagonal
tapered inductor at 26 GHz.
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Fig. 5. Inductance and quality factor of the implemented inductor.

As shown in Fig. 5, the inductance of both elements is
similar (the goal was to provide an inductance of 0.138 nH at
26 GHz), although the quality factor of the octagonal inductor
is larger (17.34 @ 26 GHz for the octagonal inductor vs 15.2 @
26 GHz for the square one). These results can be explained in
terms of two mechanisms. Firstly, it is widely known that the
quality factor of a rectangular inductor can be increased by
approximating its geometry to that of an ideal spiral inductor.
This approach improves the current circulation and, therefore,
reduces the losses across the inductor’s geometry. The quality
factor can be further improved if the number of sides or the
number of turns is increased while the inductance value is
maintained [3]. Secondly, the skin and proximity effects may
produce severe current crowding at the inner turns of the
inductor, limiting its quality factor [8], [10]. As presented in [8],
a higher Q can be obtained if the strip widths of the inner turns
are reduced. Therefore, a tapered inductor can achieve a higher
Q than a regular inductor. For this reason, the octagonal tapered
inductor was selected to implement the input matching network
of the LNA, as depicted in Fig. 2.

Once the first stage is successfully designed with a NF of
0.9 dB and a gain of 7.2 dB, the requirements for the next stages
can be relaxed so they can be designed to provide a higher gain.
As depicted in Figs. 2 and 3, the impedance matching network
between stages 1-2 is achieved by means of a single square
inductor (L2) with a value of approximately 0.37 nH. To
implement the matching networks between stages 2-3 and 3-4,
inductors L3, L4 (0.36 nH each) and two double open stubs (O1,
02) were used. The double open stubs O1 and O2 have a size
of 30pmx90um and 30pumx100um, respectively. Finally, the
output matching network is implemented with a single series
inductor L5 of 0.24 nH.

IV. SIMULATION RESULTS

Scattering and noise parameters were simulated at room
temperature with ADS software and Momentum EM simulator.
The resulting Input and Output Return Losses are depicted in
Fig. 6, and the gain and NF are presented in Fig. 7. The
simulated LNA presents an Input Return Loss of -12 dB at
26.25 GHz and an Output Return Loss of -23 dB at the same
frequency. A gain 0f29.5 dB £ 1 dB across the band of interest,

2.3 Power electronics

and a NF of 1 dB are obtained. The device isolation coefficient
(S12 parameter) is lower than -47 dB in the band of 25.5 GHz to
27 GHz. As shown in Fig. 8, the value of the stability factor &
is above unity for all frequencies, and presents a minimum
value of 2.760 at a frequency of 13.2 GHz. Individual stability
was ensured as well, concluding that the amplifier is
unconditionally stable.

dB(S(1,1))

-16 T T T T T T T T T T T

dB(S(2.2))

725 T ‘ T | T | T | T | T | T | T | T ‘ T ‘ T | T | T
250 252 254 256 258 260 262 264 266 268 27.0 272 274 276
freq, GHz
Fig. 6. Input and Output Return Loss of the proposed LNA.
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Fig. 7. Gain and Noise Figure of the proposed LNA.
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Fig. 8. Stability factor of the proposed LNA.
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The main results of the proposed design and a brief
overview of similar works are given in Table 1. To the authors’
knowledge, the results presented in this work are expected to
deviate from the simulations to some extent. However, the
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overall performance of the circuit is expected to stay within the
requisites. The performance of the proposed LNA is similar to
other GaAs LNAs so far reported in the same frequency band
at room temperature.

Table 1. Results summary and overview of similar works.

[4] [5] (6] This Work
Freq. Range (GHz) 26-36 25-31 18-31 25.5-27
Gain (dB) 33+0.7 22 22 29.5+1
Noise Figure (dB) 1.5 1.7 1.7 1
Input Return Loss
-12 -12 <-30 -12
(dB)
Output Return
-12 -20 <-20 -20
Loss (dB)
Supply (V) - 3.5 3.5 1.2
Process GaAs 100 nm GaAs 90 nm GaN 100 nm GaAs 70 nm
Area (um?) 2800x1300 2400x1000 2300x1000 2500x1750

V. CONCLUSIONS

An approach to enhance the NF and Input Return Losses of
MMIC LNAs is presented in this paper. The design work flow
allows the improvement of the NF and the Input Return Loss of
the LNA since the source impedance is selected to minimize the
number of elements required to implement the input matching
network. Two single stage amplifiers are designed and
simulated at room temperature to compare the performance
with the traditional approach, showing remarkable
improvements in the Noise Figure and Input Return Loss of the
amplifier.

A four-stage K-band MMIC Low-Noise Amplifier based on
the previous approach is also presented. The LNA is designed
using the models of the 70 nm GaAs mHEMT OMMIC process.
The input matching network of the first stage consists of a
single tapered octagonal inductor in series with the gate of the
active device. The LNA is DC-biased with 1.2 V and the chip
size is 2500umx1750um. Electro-magnetic simulation results
at room temperature prove that the four-stage LNA achieves a
total gain of 29.5 dB with 1 dB ripple, a Noise Figure as low as
1 dB, an Input Return Loss better than -10 dB and an Output
Return Loss better than -20 dB across the band of interest.

VI. ACKNOWLEGMENTS

This work is partially supported by the Spanish Ministry of
Economy and Competitiveness (TEC2015-71072-C03-01), the
Canary Agency for Research, Innovation and Information
Society (ACIISI) of the Canary Islands Government
(ProID2017010067) and by the Spanish Ministry of Science,
Innovation and Universities (RT12018-099189-B-C22).

VII. REFERENCES

[1] S. Colangeli, A. Bentini, W. Ciccognani, E. Limiti, and A.
Nanni, “GaN-based robust low-noise amplifiers,” [EEE
Trans. Electron Devices, vol. 60, no. 10, pp. 3238-3248,
2013.

[2] D. M. Pozar, Microwave Engineering, Fourth. John Wiley &
Sons, Inc, 2012.

[3] B. Razavi, RF Microelectronics, Second. Prentice Hall

246

[10]

Communications Engineering and Emerging Technoogies
Series, 2012.

D. Cuadrado-Calle, D. George, and G. Fuller, “A GaAs Ka-
band (26-36 GHz) LNA for radio astronomy,” /EEE MTT-S
Int. Microw. RF Conf. 2014, IMaRC 2014 - Collocated with
Intemational Symp. Microwaves, ISM 2014, pp. 301-303,
2015.

Qorvo, “QPA2628D - 25 - 31 GHz GaAs Low Noise
Amplifier,” Qorvo, Inc., 2016. [Online]. Available:
https://www.qorvo.com/products/p/QPA2628D#overview.
X. Tong, S. Zhang, P. Zheng, J. Xu, and X. Shi, “18-31 GHz
GaN MMIC LNA using a 0.1 um T-gate HEMT process,”
MIKON 2018 - 22nd Int. Microw. Radar Conf., pp. 500-503,
2018.

Y. Kyung-Whan, Microwave Circuit Design A Practical
Approach Using ADS, First. Prentice Hall, 2014.

J. M. Lopez-Villegas, J. Samitier, C. Cane, P. Losantos, and
J. Bausells, “Improvement of the quality factor of RF
integrated inductors by layout optimization,” October, vol.
48, no. 1, pp. 169—172, 1998.

V. N. R. Vanukuru, “High-Q Inductors Utilizing Thick
Metals and Dense-Tapered Spirals,” IEEE Trans. Electron
Devices, vol. 62, no. 9, pp. 3095-3099, 2015.

J. Sathyasree, V. Vanukuru, D. Nair, and A. Chakravorty,
“Compact Modeling of Proximity Effect in High- Q Tapered
Spiral Inductors,” IEEE Electron Device Lett., vol. 39, no. 4,
pp- 588-590, 2018.





