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ABSTRACT This paper presents a comparative performance analysis of a single-stage GaAs Low-Noise
Power Amplifier (LNPA) fabricated in a 0.25 µm pHEMT process to mitigate co-site interference across
multiple frequencies in the L- and S-bands. We compare five different designs from 1.2 to 3.8 GHz, each
offering a minimum bandwidth of 300 MHz. Designed bandwidth is sufficient to cover several popular 5G
NR FR1 channels as well as suitable for carrier aggregation in the LTE bands. An Output 1-dB compression
point (OP1dB) of 27.5 dBm, noise figure (NF) below 1 dB and an Output 3rd-order Intercept Point (OIP3) up
to 40 dBm is achieved. Adjacent Channel Leakage Ratio (ACLR) measurements are performed at 2.5 GHz
with a Peak to Average Power Ratio (PAPR) of 11.8 dB. We achieve an ACLR of −25 dBc at 25 dBm of
output power for a 20 MHz, 16-QAM modulation signal, while the corresponding power added efficiency
& Drain-efficiency (DE) are, on average, more than 47% & 50% respectively. An integrated Electro-Static-
Discharge (ESD) limiter is also incorporated, which can tolerate up to 350VHumanBodyModel (HBM) and
125 V Charged Device Model (CDM) without failure. The design occupies a footprint of only 0.325 mm2.

INDEX TERMS Electrostatic discharge, Gallium Arsenide, low noise amplifier, monolithic microwave
integrated circuit (MMIC), noise figure, power amplifier, pseudomorphic-high electron mobility transistor
(pHEMT), radiofrequency amplifier.

I. INTRODUCTION
5th Generation New Radio (5G NR) wireless systems are
state-of-the-art networks deploying smaller cells with an abil-
ity to connect significantly more devices simultaneously than
a 4G cell. The applications of this technology range all the
way from connected smart city appliances and robotics to
autonomous and networked automobiles [1]. The 3rd Gen-
eration Partnership Project (3GPP) has classified 5G into
two different spectra, FR1 (sub-6 GHz) and FR2 (above
24 GHz) [2]. Modern cellular wireless network devices
and subsystems are expected to provide concurrent access
to users, necessitating the use of multiple telecommuni-
cation protocols and carrier aggregation (CA) techniques
across multiple frequency bands. The 5G small cell, being
significantly smaller than its predecessors, is expected to
have crowded and closely located receivers and transmitters

The associate editor coordinating the review of this manuscript and

approving it for publication was Tae Wook Kim .

operating simultaneously. Such a setup requires RF system
designers to pay more attention to the generation and rejec-
tion of signals and noise in communication systems. The
collocated (co-site) transmitter raises the system noise floor,
whichmakes diminished dynamic range for the receiver oper-
ating in an adjacent channel in the presence of the transmit-
ter’s interfering signals [3].

Typical sources of interference include self-interference
due to collocation of transmitters and receivers (known as co-
site interference), jammers, broadband noise, spectral splat-
ter, naturally occurring space weather, rusty bolt effects or
any of the numerous other sources [3]. RF interference is very
crucial in the military communication systems [4], especially
in Command and Control (C2) platforms, ship-board, and
submarine and fighter plane communications, which require
multiple RF communications channels to ensure communi-
cation over long distances. Quite often these critical com-
munication requirements are not met, as in the case of an
aircraft, or a 5G transceiver, due to transmitter and receiver
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FIGURE 1. Block diagram of a co-site transceiver.

site separation being restricted. This severely degrades com-
munication range primarily due to self-generated or co-site
interference.

Co-site interference in the 5G FR1 band is more pro-
nounced compared to the 5G FR2 band due to the coexistence
of Long-Term Evolution (LTE) bands [5]. Simulation results
for a LTE sub-band of 2.1 GHz indicate that LTE frequency-
division duplexing (FDD) downlink is expected to cause
harmful interference to 5G NR FDD downlink in the same
band. In the case of co-station, an additional 1.16 dB ACIR
(Adjacent Channel Interference Ratio) is required for proper
communication [5].

The impact of RF interference can lead to receiver
front-end overload or receiver desensitization. The former
is the most severe source of RF co-site interference and
occurs when a co-located transmitter on a nearby band starts
saturating the receiver front-end. This interference causes
all kinds of problems with the receiver system and can be
addressed using a first stage RF filter in the design. However,
receiver manufacturers leave out the first stage RF filter in
the design, since its band insertion loss adds directly to the
total system noise figure. This makes the receiver to have a
low noise figure on paper but very susceptible to out-of-band
RF interference. The absence of a RF filter installed prior
to the first stage LNA also makes the system prone to wide
band noise [3]. The latter happens when a nearby transmitter
overloads the receiver in-band – curtailing its sensitivity to
actual signals of interest.

To address broadband demands and high data rates in 5G
communication, active phased-array systems are increasing.
An active phased-array system consists of multiple stages of a
Front-EndModule (FEM). In a typical FEM, several stages of
power amplifiers (PAs) and low-noise amplifiers (LNAs) are
used tomeet the system requirements. The twomain blocks of
FEMs, LNA and PA, have noise and high power (as linear as
possible) as the most crucial parameters, respectively. Instead
of using multi-stage LNAs and PAs separately, we can design
an amplifier which delivers both low noise and high linearity
moderately, with a common driver as the first stage of FEM.
In this case, for a robust co-site communication, the use of
a co-site LNPA is recommended, though it has not been
explored much in the literature. In [6], a two-stage LNPA
in Ka-band using 0.15µm GaAs pHEMT technology with
14.92 dBm of output power and 2.88 dB of noise figure is
presented. In [7], a commercial ultra-broadband LNPA in

E-band with 30 GHz of bandwidth, 16 dBm of output power,
and 6 dB of noise figure using GaAs HEMT is shown. A new,
tunable, RF FEM using a tunable inter-stage filter in between
the two LNPAs is shown in [8], making a single chain tunable
RF FEM for cellular terminals feasible.

A new approach to reduce the co-site interference gen-
erated in collocated transceivers using an LNPA in an RF
FEM is shown in Fig. 1. In this block diagram for signal
transmission switches, S1 and S2 connect the Tx node to the
LNPA and then to the PA via filters. Eventually, the antenna
transmits an incoming signal in the channel of interest. Sim-
ilarly, for signal reception, incoming signal from the antenna
is connected directly to the Rx node of switch S1, connecting
it to the LNPA via the filter. Finally, switch S2 connects the
LNPA output to the input of LNA, and eventually to the load.
A circulator between the PA and the antenna helps in isolating
transmitting and receiving signals.

Using an LNPA, as the first stage of a transmitter chain,
reduces the overall noise generated during transmission. This
leads to reduced noise introduction to adjacent receiving
channels and aids in reducing co-site interference. Having
a reduced receiver noise floor leads to a higher dynamic
range of the transceiver system. The use of LNPAs signif-
icantly reduces circuit footprints which leads to a compact
transceiver design [6]. Reduced transceiver footprints are of
significant importance, particularly for use in an antenna
array with a multitude of antenna elements – a key feature
of 5G transmission systems [9]. Applications of LNPAs span
a wide range from harmonic feedback loop oscillators [10],
to RF frontends [8], to active backscatter tags [11].

In this work, we have designed and fabricated a
cost-effective co-site LNPA using GaAs to reduce these
interference problems. Gallium Arsenide (GaAs) is a
well-established technology for the implementation of
high-frequency Power Amplifiers (PAs) [12]. Our design
of a co-site LNPA for 5G applications is based on a stan-
dard 0.25-µm GaAs pHEMT technology – with a cutoff
frequency (fT ) of 70 GHz and a maximum transconductance
(gm) of 800 mS/mm. We discuss the device and assembly
board technology used for the LNPA design in Section. II,
the measured results in Section. III and then conclude in
Section. IV.

II. INTEGRATED ESD-LIMITER LNPA CIRCUIT DESIGN
A. DEVICE TECHNOLOGY AND ASSEMBLY BOARD DESIGN
The designed MMIC is based on a standard 0.25-µm GaAs
pHEMT technology, fabricated on a 6-inch, 100-µm thick
wafer. Some key electrical characteristics of this process
are summarized in Table. 1. The LNPA MMIC is dielec-
trically coated and housed in a standard 16L-QFN 3 × 3
surface-mount package, which is fully RoHS compliant to
ensure good die protection against mechanical constraints
and humidity.

To take the estimate of the package pads and bond wires
into account, we used the QFN package template in ADS R©
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FIGURE 2. ESD-limiter-LNPA schematic for the 1.7 – 2.0 GHz sub-band.

which uses both Keysight Momentum (for 2D structures) and
FEM (for 3D structures) in the package.

We employ a motherboard based on the Rogers RO4350B
substrate, with the dielectric exhibiting a relative permittivity
of 3.66. The board is 508µm thick, with a 1oz top and bottom
copper cladding. The corresponding 50 � transmission line
has a strip width of around 1.05 mm. To achieve a reliable RF
performance on the motherboard, a grid of plated vias with
a diameter of less than 380 µm and a spacing of less than
700 µm is fabricated. The schematic of the design is shown
in Fig. 2 and the photograph of the corresponding packaged
LNPA mounted on a motherboard is shown in Fig. 3.

TABLE 1. Summary of the 6-inch 0.25µm e-pHEMT process.

B. MMIC DESIGN
In this paper we are presenting design of a LNPA with
27.5 dBm of output power. The process flow involved in the
design of an LNPA can be sub-divided into following steps:

1) DEVICE SELECTION
To design an LNPA, selection of the device size plays a vital
role. Based on the Watt/mm rating for our device technology,
a device with a periphery of 2.7 mm is chosen to deliver
output power close to the desired output power. A comparison
of the minimum noise figure (NFmin) for the chosen device
periphery of 2.7 mm with different permutations of width
and number of fingers is done as shown in Fig. 4. For this
comparison, we performed an S-parameter analysis of the
matched device at 1.8GHzwith a DC bias of VDD = 5 V and
Iddq = 140 mA for any one combination of W and F. Since
the matching network comprises of lossless passive elements
only, NFmin is independent of matching network. We then
recorded the values of NFmin for various combinations of

FIGURE 3. 16L-QFN 3× 3 packaged LNPA assembled on a Rogers
RO4350B board.

W and F, while keeping the matching network unchanged.
To obtain the exact behaviour of the device, we used an ideal
DC choke to bias the device instead of current mirror (CM)
bias. Among the various combinations of widths and fingers,
a device with a smaller width per finger was observed to have
the best noise performance. This is because the device with
a smaller width per finger offers a smaller gate resistance
compared to a device having a larger width per finger, while
keeping the device size constant. Therefore, to optimize the
noise performance in our design, we select a 2.7 mm device
with a smaller width per finger and use it in a common
source (CS) configuration.

2) BIAS POINT SELECTION AND DESIGN STABILITY
After selecting the right combination of device width and
number of fingers for minimum NF, the dc bias current is
chosen based on the compromise made among minimum
noise figure (NFmin), output power (Pout ) and power added
efficiency (PAE). NFmin is a function of bias current density
as shown in Fig. 5. For this figure, we used the same set of
conditions as in Fig. 4, except that a CM bias was used at
the gate side instead of an ideal DC choke. First, we select a
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FIGURE 4. Noise figure variation using different widths and fingers for a
device periphery of 2.7mm.

FIGURE 5. Dependence of NFmin on the drain bias current density, for
2.7 mm device only, VDD = 5 V and variable gate bias at 1.8 GHz of
frequency.

current density based on the lowest possible NFmin for the
device size selected. In our case, this number came out to
be 60mA/mm. Next, we calculate the value of bias current
required to provide output power of 27.5 dBm using the equa-
tions presented in [13]. The required fundamental current
(If 1) for a given drain bias, VDD and required Pout is given
by:

If 1 =
2 ∗ Pout

(VDD − Vknee)
(1)

For our design, VDD = 5 V , Vknee = 1 V and
Pout = 0.562 W . Substituting these values in (1) gives
us If 1 = 281 mA.
A conduction angle (θc) of 218◦ (equivalent to θ of 109◦

in [13]) is chosen which results in a theoretical efficiency
(η) of 70.6% for Vknee = 0V. With Vknee = 1V (obtained
from the DC analysis), as in our design, and keeping the
conduction angle unchanged, we get η = 56.5%. Using
these values for bias-current calculations [13], we arrive at
Idc−bias = 130.2 mA which has been rounded off to 140 mA
in our design.

FIGURE 6. Dependence of the drain bias current, Iddq, on the external
bias resistor, Rext , for different gate bias conditions.

A bias current of 140 mA gives a current density of
140 mA/2.7mm = 51.9mA/mm, which is smaller than the
current density required for smallest possible NFmin. We set-
tle for a compromise of 0.01 dB in NFmin for an output power
of 27.5 dBm and finally choose a 140 mA bias current for our
design.

A current mirror (CM), is used to avoid the need for two
power supplies as shown in Fig. 2. The gate current for the
M1 device is restricted to a few micro-amperes, allowing
the design to realize low noise figure. To compensate for
any process variation in the bias network, an external bias
resistance, Rext is used. It serves a dual purpose by allowing
the designer to vary the bias conditions externally using the
lookup chart shown in Fig. 6.
The LNPA MMIC, including the bias network, occupies

a chip area of 0.325 mm2. Stability is ensured from DC to
20 GHz using RC feedback, source inductances and opti-
mized matching networks. The RC feedback network also
helps to reduce the matching circuit’s Q factor, avoiding
unwanted resonances caused by the microstrip lines, the par-
asitic inductance of the via holes, and the MIM capacitor
(Ci in Fig. 2). All closely laid transmission lines have been
simulated using Keysight Momentum R© to quantify coupling
effects.

3) MATCHING NETWORK DESIGN
Having modeled the parasitics and fixed a bias point for the
design, we move on to designing the matching networks.
In an LNPA, the low noise figure is mainly decided by
the input match, whereas Pout and PAE are decided by the
output matching network. The preferred loading conditions
vary over frequency, as shown in Figs. 7(a) and 7(b). The
load impedance offering the best Pout and PAE shift in
an anti-clockwise direction as shown by the magenta and
green traces in Fig. 7(b) respectively. For the input matching
network design, a compromise between NF and Pout /PAE
is made. As observed in Fig. 7(a), PAE and Pout contours
are overlapping in source pull simulations. The contours of
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FIGURE 7. One-tone (a) source-pull and (b) load-pull simulations showing
constant output power contours (Red) and constant PAE contours (Blue)
for a constant input power level of 18.5 dBm. Lines with symbols indicate
the trajectory of the optimum Pout and PAE with frequency while looking
into the device. The simulations were performed with the models for the
packaged parasitics in place. VDD = 5 V , Idc−bias = 140 mA, Frequency =
1.2 – 3.8 GHz. Normalized with a 50� impedance.

FIGURE 8. Noise figure circles showing contour of NFmin with frequency
from 1.2 – 3.8 GHz, for VDD = 5 V , Idc−bias = 140 mA while looking into
the device.

minimum noise figure are plotted in Fig. 8. It can be seen
from Fig. 8, that the locus of optimum impedance for NFmin
and Pout /PAE from source-pull (SP) are in close proximity

TABLE 2. Extracted values of components for the 1.7 – 2.0 GHz sub-band.

to each other. Therefore, input matching network is designed
prioritizing the NFmin, while the compromise for Pout /PAE is
made at the input side. In contrast, the output PAE contours
deviate from those for Pout , indicating that compromises
between efficiency and power are inevitable for the output
matching network design. At the output side we prioritize
the Pout .

To compare the best performance across the entire fre-
quency band based on above design criterion, we design
matching networks for five sub-bands [14]: (a) 1.2 GHz –
1.6 GHz, (b) 1.7 GHz – 2.0 GHz, (c) 2.3 GHz – 2.7 GHz,
and (d) 2.7 – 3.2 GHz (e) 3.3 GHz – 3.8 GHz.

Finally, some on board optimization is done to accom-
modate the unexpected variations like unwanted parasitics.
All component parameters are targeted to achieve low
noise and high output power simultaneously while keeping
non-linearities at bay. Component values obtained after opti-
mization are listed in Table. 2 for the 1.7 – 2.0 GHz sub-band.
The matching network designed for this sub-band is shown
in Fig. 2. Similar matching networks, based on 3-element
π - and T-networks, are designed for other sub-bands.

C. ELECTROSTATIC DISCHARGE (ESD) PROTECTION
GaAs based devices are significantly prone to ESD damage
than Si based devices [15], [16]. For a GaAs based LNPA
to be robust, the design has to be resilient to ESD damage
while maintaining compactness. Additionally, when multiple
systems operating at neighboring frequencies and collocated,
there is an increasing ESD problem. A key challenge faced
in designing an ESD network is to have a low insertion loss
to minimize loading the RF path. Traditionally, ESD protec-
tion is deployed using diodes in the signal path to increase
impedance for the ESD signal [16], using input/output short-
circuit stubs [17], or using L-C resonance structures [18],
which not only occupy a large area in case of MMICs, but
also induce high insertion loss, especially at high frequencies.
We implement ESD protection at the input and output stage
of the LNPA using a single stage of anti-parallel diode arrays
(fabricated using the 0.25-µm GaAs technology), one for a
positive zap and another for a negative zap [16], as shown
in Fig. 9(a). The number of diodes required at the input and
output chains is a direct function of the LNPA saturated power
and gain. A simple relation dictating the number of diodes,
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FIGURE 9. (a) Schematic of the LNPA with the ESD protection circuits and
an equivalent network for the input-side ESD diodes (b) Voltage swings at
RFin and RFout pads of LNPA MMIC at 20 dBm of input power.

FIGURE 10. On-board (a) Measured and simulated S-parameters for the
five sub-bands (b) Gain and PAE vs. output power (CW) for the LNPA at
VDD = 5 V and IDD = 140 mA.

ND−ESD, required is given as:

ND−ESD =
VRF−peak
Vt−ESD

(2)

FIGURE 11. Measured results of (a) OP1dB and OIP3 (b) NF and DE for the
ESD-limited-LNPA in all four sub-bands from 1.2 to 3.8 GHz. Each color
represents one of the frequency bands. The numbers in (a) represent the
5G NR FR1 channels in that particular sub-band.

where VRF−peak is the peak output voltage at an RF power
level around 8 dBm above the input 1-dB compression point
(IP1dB) superimposed on DC, as shown in Fig. 9(b) and
Vt−ESD is the knee voltage of the ESD diode. The LNPA’s
RF input pad has 5 anti-parallel diodes, whereas the output
pad has 16 and 3 anti-parallel ESD-diodes for positive and
negative zaps respectively, as shown in Fig. 9(a). The drain is
biased at 5 V, which clamps the drain voltage waves at 5 V,
thus requiring only 3 diodes for the negative zap as compared
to the 16 diodes for a positive zap. At the small-signal level,
the equivalent circuit of the ESD diode can be approximated
by a capacitor CESD in parallel with a resistor RESD, behav-
ing as a LPF which decreases the MMIC’s bandwidth and
increases its noise figure.

As shown in Fig. 9(a), the voltage transfer function from
the source to the input of the MMIC after passing through the
ESD protection circuit is:

VRFin−pad
Vin

=
RESD

RESD + Rin

1
1+ sCESD(RESD||Rin)

(3)

where, Rin is the source impedance, RESD and CESD are
the equivalent shunt resistance and capacitance of the input
ESD protection circuit respectively. The larger the parasitic
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FIGURE 12. (a) AM/AM and (b) AM/PM distortion characteristics, from
HB simulations of a circuit-level model.

capacitance (CESD), smaller is the passband frequency of
the equivalent LPF. The NF also increases due to the par-
asitic shunt resistance of the ESD diodes; below the roll-
off frequency, the NF is (1 + Rin/RESD), and it increases
by ∼0.2 dB with a decrease in RESD by ∼ 500 � [19].
The design objective is to absorb the parasitic capacitance in
the matching network to mitigate losses. The designed ESD
structure can tolerate up to 350 V-HBM and 125 V-CDM
without damage. For complete protection of the MMIC, high
current shunt diodes have been added on each DC biasing
pad.

III. RESULTS AND DISCUSSIONS
A. LNPA MEASURED PERFORMANCE
The LNPA S-Parameters have been measured using a
Keysight PNA-X N5244A at a bias condition of (VDD, IDD)
= (5 V , 140 mA), and compared with the simulated results
in Fig. 10(a). The measured linear gain (S21) averages around
16.5 dB, while the input and output reflection S-Parameters
stay at or below−10 dB for all four sub-bands. The measured
gain is higher than the simulated gain because the actual
value of down bond wire inductance LS1 obtained is smaller
compared to the value estimated by Keysight Momentum R©.
Fig. 10(b) shows the gain and PAE variation with increasing

FIGURE 13. Measured results of ACPR for (a) 8.2 dB of PAPR (b) 11.8 dB
of PAPR, at 2.5GHz for 20MHz and 40MHz channel spacing using 16QAM
modulated signal.

output power. The design is able to operate at ∼50% PAE
around OP1dB.

The measured large signal metrics of the design are
presented in Fig. 11(a) along with noise and efficiency
in Fig. 11(b) for all the four designed sub-bands. We obtain
an OP1dB of around 27.5 dBm, almost constant across all sub-
bands. Some of the popular 5G NR FR1 channels in these
bands have been pointed out in Fig. 11(a). The noise figure for
the PCBmounted LNPAMMIC is measured using a Keysight
N8975BNoise Figure Analyzer (NFA). The NF, at room tem-
perature, stays below 1.2 dB for all four sub-bands, as seen
in Fig. 11(b). The measured drain efficiency (DE) averages
around 54% as shown in Fig. 11(b), DE at 1.2 GHz and
2.7 GHz is higher than the average DE because at these
points output impedance obtained is closer to optimum PAE
compared to OP1dB. A sub-1.2 dB NF and a mean OIP3 of
38 dBm make this design a good LNA and a linear PA
respectively.

This enhanced linearity is further evident in the AM/AM
and AM/PM distortion characteristics as shown in Fig. 12.
The designs offer an AM-AM distortion of −2 to −6.5 dB
and an AM-PM distortion of 5 to 15 degrees at the 1-dB
compression points as shown in Fig. 12(a) and Fig. 12(b)
respectively.
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TABLE 3. Performance comparison for the 1.7 – 2.0 GHz sub-band with other PA and LNA designs in the literature.

The PA achieves an average output power of 27.5 dBm,
with IMD3 and IMD5 levels under −18 dBc. The fabricated
LNPA has also been evaluated with two LTE 16-Quadrature
Amplitude Modulation (QAM) signals exhibiting PAPRs
of 8.2 dB and 11.8 dB respectively, at a carrier frequency
of 2.5 GHz and offset channel bandwidths of 20 MHz and
40 MHz for each input PAPR. Fig. 13(a) and Fig. 13(b)
present the ACLR characteristics versus output power with
8.2 dB and 11.8 dB PAPR respectively for two different
offset channel bandwidths of 20 MHz and 40 MHz from
carrier. From Fig. 13(b), the lower channel (LC) and upper
channel (UC) ACPRs at the output power of 25 dBm are
−25/−50 dBc, achieved at frequency offsets of 20/40 MHz
respectively. The LNPA can be operated at back-off power
levels to improve the ACLR, resulting in lower efficiencies.
However, with pre-distortion techniques in place, the LNPA
can be utilized up to its saturation point while still maintain-
ing good linearity, thereby significantly increasing its non-
linear performances.

B. PROCESS VARIATION AND COMPARISON WITH
EXISTING DESIGNS
In order to account for the impact of process variability on
the LNPA performance, Monte Carlo simulations for S21 are
carried out considering a variability in the lengths and widths
of the MMIC resistors and capacitors as well as the transistor
width. The simulations yielded a mean value of 14.9 dB and a
standard deviation of 0.49 dB for S21 at 1.9 GHz with a 10%
Gaussian process variation, offering a process yield of 99%

– indicating that the design exhibits excellent robustness to
process variation as shown in Fig. 14.
Table. 3 compares the performance of our design in the

1.7 – 2.0 GHz sub-band with published results across device
technologies in the literature. The proposed single-stage
LNPA is able to closely match the performance of multi-stage
circuit designs across the literature in a significantly small
footprint.

When compared with contemporary PAs ([21]–[24]),
as in Table. 3, our design offers an excellent single stage per-
formance in a compact footprint with in-built ESD protection.
With a PAE of 47%, the design is significantly power effi-
cient as compared to contemporary designs, while offering
the same output power levels. Being a single-stage design,
the gain achieved is slightly lower.

It is difficult to come up a Figure of Merit (FoM) for
an LNPA which can do an honest comparison with both
LNAs and PAs simultaneously. To quantify the performance
of our LNPA with the state of art LNAs and PAs, we used
a modified version of ITRS LNA-FOM [20] that has all the
design parameters of LNA and PA, which is defined as.

FoM =
GV |linfc|GHzIIP3|mWOP1dB|mWPAE|lin

(NF − 1)|linPDC |mW
(4)

whereGV |lin is the amplifier voltage gain in linear scale, fc
is the centre frequency (GHz) of operation, IIP3|mW is the 3rd

order Input Intercept Point (W), OP1dB|mW is the power at
1dB gain compression point (mW), PAE|lin is the power
added efficiency in linear scale, (NF − 1)|lin is the noise
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FIGURE 14. Monte-Carlo simulation results for S21 variation at four
different frequencies considering a 10% Gaussian process variation and
1000 iterations.

figure in linear scale and PDC |mW is the DC power con-
sumed by the amplifier (mW). To calculate FOM we exclude
OP1dB|mW and PAE|lin for LNAs whereas for PAs we
exclude IIP3|mW and (NF − 1)|lin from equation 4. As seen
in Table. 3, the designed LNPA fares well against recent LNA
designs ([25]–[28]) across various device technologies in the
literature, with a FoM of 11.5× 106. Being a LNPA, it offers
one of the highest IIP3 andOP1dB whilemaintaining a lowNF
of 1.07 dB, offering a better performance than contemporary
designs in the same band. It is worth mentioning here that
the proposed design delivers this performance with the ESD
protection circuit incorporated - which is absent in most of
the recent designs compared here.

IV. CONCLUSION
Production-ready, compact and linear ESD-limited-Low
Noise Power AmplifierMMIC designs were presented in four
sub-bands between 1.2 and 3.8 GHz for co-site interference
applications. The LNPA offered excellent noise characteris-
tics with a noise figure below 1.2 dB across the entire design
space along with higher linearity and integrated ESD pro-
tection. Monte-Carlo simulations were performed to ensure
minimal performance drop due to variability. The large-signal
characteristics offered by our single-stage LNPA were com-
parable to multi-stage amplifiers in the literature.
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