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Abstract: This paper describes a 2.4-GHz fully-integrated front-end receiver including a single-
pole triple-throw (SP3T) switch and a low-noise amplifier (LNA) with bypass function, which
was fabricated in a 0.25 µm GaAs pHEMT process. An asymmetrical SP3T switch architecture is
incorporated to enable the receiver to operate in four modes. The exploration of impedance and
voltage gain behavior of the proposed LNA help to establish the matching network and alleviate the
trade-off between noise figure (NF) and gain performance. In LNA high gain mode, the implemented
front-end receiver shows 1.7 dB of NF and 6dBm of input third-order intercept point (IIP3) with 20 dB
of power gain drawing 11 mA of current from 5 V power supply at 2.4 GHz. All input and output
return loss had exceeded 10 dB with fully on-chip impedance matching network. In bypass mode,
the measured insertion loss of typically 7.5 dB is achieved.
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1. Introduction

The requirements of high-quality and low-cost wireless local area network (WLAN)
applications cause strong efforts for the development of radio frequency (RF) front-end
modules (FEMs). As an essential part of the RF FEM, the receiver low-noise amplifier
(LNA) generally integrates a single-pole double-throw (SPDT) switch for transmitting and
receiving paths because the WLAN standards are time division duplex (TDD) communica-
tion systems [1,2]. Furthermore, to emerge short-range wireless communication markets,
such as WLAN and Bluetooth, the feasibility of integrating a single-pole triple-throw
(SP3T) switch into a front-end receiver has been pointed out for the 2.4–2.5 GHz frequency
range [3,4].

Among various process technologies, silicon-based CMOS processes are desirable
for the WLAN front-end receiver due to their lower cost and better integration capability.
The study in [5] shows that an LNA realized by a bulk CMOS technology has a gain of
14.8 dB and a noise figure (NF) of 3.6 dB with an input third-order intercept point (IIP3) of
−2.7 dBm for WLAN application. In [6], a 0.13 µm silicon-on-insulator (SOI) CMOS LNA
shows a peak voltage gain of 18.2 dB, minimum NF of 3.4 dB, and best IIP3 of −1.46 dBm
over 0.1–3.4 GHz. However, poor NF and linearity performance are the critical drawbacks.

Gallium-arsenide (GaAs) pseudomorphic high electron mobility transistor (pHEMT)
technology progressively emerges in WLAN market of the radio receiver due to its lower
noise, higher cut-off frequency and higher breakdown voltage characteristics compared
to silicon-based CMOS processes. Many low-cost and superior performance solutions
have been realized by pHEMT technology for short-range wireless communication applica-
tions [7,8]. A GaAs pHEMT LNA had achieved a gain of 16 dB and an NF of 2.1 dB with an
IIP3 of 2 dBm reported in [9]. The study in [10] shows that a S-band LNA fabricated using a
0.15 µm GaAs pHEMT process for satellite communication system has a gain of 22 dB and
a NF of 1.4 dB. However, the previous designs have the disadvantages that they require

Appl. Sci. 2023, 13, 65. https://doi.org/10.3390/app13010065 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13010065
https://doi.org/10.3390/app13010065
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-9357-6567
https://doi.org/10.3390/app13010065
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13010065?type=check_update&version=1


Appl. Sci. 2023, 13, 65 2 of 13

extra control function and stable power supply made in CMOS or other technologies for
multiple operation modes.

To obtain good RF performance and high integration, a fully integrated RF front-
end receiver in WLAN system, including a LNA and a SP3T switch with logic controller
incorporated for 2.4 GHz WLAN and Bluetooth applications, as shown in Figure 1, is
proposed. The WLAN system has a transmitting path and a receiving path. A power
amplifier (PA) is used in the transmitting path to amplify the signal from the inside system
and send it via the antenna, while the LNA is used to receive a signal from the air space
through antenna to inside the WLAN system. The SP3T switch is used to connect the
antenna to the WLAN transmit-and-receive functions as well as Bluetooth functions in
TDD frond-end transceivers.
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Figure 1. Block diagram of proposed front-end receiver for wireless local area network (WLAN) and
Bluetooth applications.

As explained above, TX is the output port of the PA and one of the input ports of
the SP3T switch. BT is the interface that is used to connect the antenna to the Bluetooth
transmit-and receive-functions. ANT is a common port that is used to transmit and receive
signals for both WLAN and Bluetooth systems.

The proposed receiver is capable of switching into four operating modes, including
receive high gain, bypass, transmit switch and Bluetooth switch modes. The logic controller
is used to convert the logic control signals and provide enable signals to the receiver for
different operation modes. The truth table and interfaces for different operation are shown
in Table 1, where “1” equals to 3.3 to 5.0 V and “0” equals to 0 to 0.2 V. In both high gain
and bypass modes, the system is in the WLAN receiving state, then the signal comes from
ANT to RX. In transmit switch mode, the system is in the WLAN transmitting state, then
the signal comes from TX to ANT. In Bluetooth switch mode, the system is in the Bluetooth
transmitting and receiving state, then the signal can be from BT to ANT and ANT to BT. It is
worth noting that the Bluetooth mode certainly needs gain as the WLAN mode does, but the
receiving gain, NF and linearity performance for WLAN system are much higher than in the
Bluetooth mode, so an extra WLAN front-end module consisting of a transmitting PA and
a receiving bypass LNA with switch is required. The PA and LNA functions for Bluetooth
are all incorporated in the subsequent CMOS RF transceiver module. In this work, we focus
on the frond-end receiver that integrating the LNA and SP3T switch. A trade-off between
power handling and isolation is discussed in the asymmetrical SP3T switch architecture.
Additionally, a cascode LNA topology is chosen due to its high output impedance and
remarkable NF performance [11]. To optimize the gain and noise performance, the effect of
impedance and voltage-gain behavior on the given LNA are explored.
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Table 1. Truth table and interfaces for different operation.

Mode
Control Signals

CRX LEN CBT

High gain mode (ANT to RX) 1 1 0
Bypass mode (ANT to RX) 1 0 0
Bluetooth switch mode (ANT to BT/BT to ANT) 0 0 1
Transmit switch mode (TX to ANT) 0 0 0

2. Circuit Design

As shown as Figure 2, the proposed front-end receiver is divided into three main
parts, a SP3T switch, a bypass LNA with bias circuitry and a logic controller. The SP3T
switch is implemented to provide signal transmission channels for the bypass LNA, the
PA and Bluetooth modules. The amplifier made in cascode structure selects and amplifies
the 2.4-GHz signal which is driven by the bias circuitry consisting of a current mirror
bias circuitry and a resistor divider. When a large power input signal is received, the
LNA will switch to the bypass mode with 7–8 dB of loss to prevent damage of LNA itself
and subsequent components such as the mixer. The logic controller converts three input
logic control signals (CRX, LEN and CBT) into enable signals that allow the receiver to
switch between four operating modes. The basic logic gates, including inverter, buffer and
NAND gate of the logic controller are realized using both 0.25 µm E-mode and 0.5 µm
D-mode pHEMTs.
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Figure 3 illustrates the detailed topology of the SP3T switch. In order to achieve low
NF for the receiver LNA and high linearity for the transmit PA, as well as good isolation
for the whole system, an asymmetrical series-shunt switch topology is adopted. In transmit
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switch mode, the switch needs to handle more than 30 dBm of input power as well as
providing sufficient isolation between ANT and other ports during high-power signal
transmission condition. Thus, three stacking transistors are employed for all the off arms to
hold off the large power level when the transmit switch is on [12–15]. When the receive
or Bluetooth switch is on, all off arms can utilize a smaller stack height since the power
is much lower. Hence, only one device is employed for the receive and Bluetooth shunt
arms, whereas two stacking transistors are used for the transmit series arm, taking into
account the isolation between the transmit and receiving paths. Larger sizes of switch
transistors can improve the insertion loss (IL) in on-state but would degenerate the required
isolation in off-state. The width of series and shunt switch transistors with 0.5 µm D-
mode pHEMTs are optimized as 900 µm and 200 µm, respectively. Additionally, a 20k
Ω resistor is connected in parallel across the switch FET to share the large voltage swing
when the switch transistors in off-state [12]. The operating states of all the series and shunt
switch arms in four modes are shown in Table 2. All RF paths are DC blocked using series
metal-insulator-metal (MIM) capacitors.
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Figure 3. Asymmetrical single-pole triple-throw (SP3T) switch topology.

Table 2. SP3T switch operating state in four modes.

Mode SWRX1 SWRX2 SWTX1 SWTX2 SWBT1 SWBT2

High gain mode on off off on off on
Bypass mode on off off on off on
Bluetooth switch mode off on off on on off
Transmit switch mode off on on off off on

In receive high gain mode, the switch transistors Msw1, Msw3 and Msw4 are turned off
while Msw2 is turned on, the signal from the ANT is fed into the receiving path, ensuring
the signal to be amplified by the LNA to the output RX port. For high gain and good
reverse isolation, an inductively source-degenerated cascode LNA structure is adopted to
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propose a solution to the dilemma of matching the input and noise impedance with the
source of 50 Ω simultaneously [16,17]. The effect of the pHEMT M1 on the input impedance
can be minimized by introducing an inductor (Lg) [18,19].

The configuration of matching networks and impedance traces of the proposed LNA
are depicted in Figure 4. The input impedance of the entire cascode LNA including input
and output matching networks, Zin, the input impedance of the common source (CS)
amplifier, Zin1, and the input impedance of common gate (CG) amplifier, Zin2, can be
written as:

Zin(ω) = j
ωLg

1 − ω2LgCg
+ Zin1 (1)

Zin1(ω) =
ro1gm1Ls + Ls

ro1Cgs1
+ j

ω2Cgs1Ls − 1
ωCgs1

(2)

Zin2(ω) =
ro2

1 + gm2ro2
+ j

ωLD
1 + gm2ro2

(3)

where gm1 and gm2 are the transconductances, and ro1 and ro2 are the channel resistances of
the CS and CG transistors, respectively. Cgs1 is the gate-to-source parasitic capacitance of
the CS stage. It is easy to prove that the output impedance of the CS stage is given by

Zout1 = ro1 + j(ωro1gm1Ls + ωLs) (4)
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Thus, the voltage gain of the CS stage without input matching network can be
derived as:

Av1 =
gm1ro1Zin2

ro1 + jωLsro1 + jωLs − Zin2
(5)

The voltage gain of the CG stage can be expressed as:

Av2(ω) =
jωLD + jωgm2ro2LD

jωLD + ro2
(6)

Based on Equations (1), (5) and (6), the input impedance can be matched to 50 Ω for
maximum gain. However, apart from input impedance matching, modern LNA design also
adopts noise cancellation to alleviate the trade-off between NF and S11 [20–24]. Based on
the circuit connection shown in Figure 4, the noise contribution of the transistors including
M1 and M2 are considered in the design [25,26]. The contribution of the CS stage to the
output noise voltage is expressed as:

V2
n1 = 4kTγgm1r2

ol (7)

where k represents the Boltzmann’s constant, and T represents the absolute temperature.
The output noise voltage of CG stage can be expressed as:

V2
n2 =

4kTγ

gm2

(
jωLD

1
gm2

+ jωLD

)2

+ 4kT · jωLD (8)

Hence, the overall NF of the proposed LNA can be derived as:

NF = 1 + V2
n1(

Zin
Zin+Rs

)2
A2

v1

· 1
4kTRs

+
V2

n2(
Zin

Zin+Rs

)2
A2

v1

(
Zin2

Zin2+Zout1

)2
A2

v2

· 1
4kTRs

(9)

Based on Equations (1) and (9), we optimize the input impedance and noise impedance
to be close to the source impedance of 50 Ω by selecting a periphery of 8 × 50 µm with
0.25 µm E-mode pHEMT for the CS transistor. Here, Ls = 0.3 nH, Lg = 3.1 nH and
Cg = 0.25 pF. It is notable that device cannot be sized too small due to the input P1dB
constraint [3]. There is a trade-off between DC power consumption and power handling
performance. For the given LNA, the input matching circuit dominates the NF performance,
while the output matching has sight effect on the noise [27,28]. Therefore, the gain is mainly
considered in the output matching. The load inductor Ld (5.2 nH), capacitance C2 (0.4 pF)
and parasitic capacitance of M2 are resonated at operating frequency of 2.4 GHz.

Since the DC power is mainly sensitive to the bias of the CS stage, a current mirror
bias circuitry is used for the CS transistor while a resistor divider is utilized for the bias of
the CG stage.

Considering the receiver will obtain large signal when it closes to a signal source such
as base station, a bypass function is incorporated into the LNA module which enables the
LNA to switch into loss mode [29]. In bypass path, the switch Msw1, Msw3, Msw4 are in
the on-states and Msw2 is in the off-state, a series of two transistors with sized 90 µm and
T-type attenuation are employed to maintain the required loss of 7 dB while providing
sufficient isolation between the input and output of the LNA. The operating state of four
switches in receiving path has been extracted in Table 3.
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Table 3. Operating state of four switches in receiving path.

Mode Msw1 Msw2 Msw3 Msw3

High gain mode off on off off
Bypass mode on off on on

3. Measurement Results

Figure 5 reveals a chip photograph of the proposed front-end receiver on a printed
circuit board (PCB), which was provided by a foundry named Huanzhou Lion in mainland
China with both 0.25 µm E-mode and 0.5 µm D-mode pHEMTs. All measured results are
obtained taking into account the effect of the full evaluation board and the block diagrams
of measurement setup are shown in Figure 6.
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signal performance.

The S-parameters of the proposed receiver were measured using Keysight E5071C ENA
vector network analyzer, as depicted in Figures 7–10. In this study, the circuit simulations
were performed using Keysight’s Advanced Design System software with a GaAs pHEMT
design kit. The effect of the bond wire has been taken account in simulation. In high gain
mode, the LNA achieves power gain of 20 dB at 2.4 GHz drawing 11 mA of current from
5 V power supply as shown in Figure 7. The lower and upper 3-dB bandwidth points are
2.2 and 3 GHz, respectively. In bypass mode, the LNA has an IL of 7.5 dB as shown in
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Figure 8. The measured IL is 0.6 dB at 2.4 GHz in transmit switch mode while 0.8 dB in
Bluetooth switch mode as shown in Figures 9 and 10, and the switches can handle more
than 33 dBm of input power. It is obvious that all measured input and output return losses
had exceeded 10 dB at 2.4 GHz with fully on-chip impedance matching networks.
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Bluetooth switch mode.

The NF and large signal parameters for linearity were measured using an Agilent
N9030A PXA signal analyzer with Agilent 346B noise source and Agilent E4438C ESG vector
signal generator. Figure 11 exhibits that the measured NF is below 1.7 dB in high gain mode
for 2.4–2.5 GHz. Power handling capability of the LNA is critical for WLAN applications
in order to avoid LNA compression and preserve the modulated signal received at the
front-end. Figure 12 illustrates that the IIP3 of the LNA in high gain mode is 6dBm with
the condition that the two-tone frequencies are 2.37 GHz and 2.43 GHz, respectively.
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Table 4 compares the performance summary between the proposed RF front-end
receiver and other state-of-the-art studies. The figure of merit (FOM) factor listed in the
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last row represents the comprehensive performance of the references. Here, the FOM is
expressed as follows:

FOM =
G·I IP3(mW)

PDC(mW)·(NFmin − 1)
(10)

where G represents the voltage gain of the referred LNA in magnitude, and (NFmin-1)
represents the excess noise factor in magnitude. Comparing the performance in terms of
power gain, NF and cost, the measured power consumption of the proposed front-end
receiver is slightly large due to the additional logic controller for mode switching. The
proposed design presents excellent performance according to the calculation of FOM. With
fully on-chip input and output matching networks, as well as bias and logical circuitry, this
receiver can demand the wireless 802.11 b/g standards.

Table 4. Comparison with previous studies.

Ref. [3] [5] [30] [31] This work

Topology SP3T + LNA SP3T + LNA SP3T + LNA SP3T + LNA SP3T + LNA

Freq. (GHz) 2.4 2.4 2.4 2.45 2.4
Gain (dB) 13 14.8 11.5 12 20
S11 (dB) −7 −7 −11 −11 −12
NF (dB) 3 3.6 1.9 1.9 1.7
Input P1dB
(dBm) of SP3T
+ LNA

−6 N/A −0.5 N/A −3

IIP3 (dBm) of
SP3T + LNA 7 −2.7 N/A 10 6

Idd (mA) 7 8 N/A 8 11
PDC (mW) 23.1 26.4 N/A 26.4 55
Technology Bulk CMOS Si CMOS GaAs pHEMT GaAs pHEMT GaAs pHEMT

0.18 µm 0.13 µm 0.5 µm 0.5 µm 0.25 µm
FOM 4.34 0.47 N/A 10.94 15.11

4. Conclusions

In this paper, a fully-integrated GaAs pHEMT front-end receiver including a SP3T
switch and a LNA with bypass function with four operating modes at 2.4 GHz, fabricated in
a 0.25 µm pHEMT process for an IEEE 802.11 b/g standard is presented. An asymmetrical
SP3T switch architecture is realized to provide signal transmission path for LNA, and extra
PA and Bluetooth modules. A compromise between maximum gain and minimum noise is
implemented based on inductively source-degenerated cascode topology. The LNA also
incorporates a bypass module to handle high power signals. An NF of 1.7 dB, a power gain
of 20 dB and IIP3 of 6 dBm drawing 11 mA of current from 5 V power supply at 2.4 GHz
are realized in LNA high gain mode. In bypass mode, the LNA has an IL of 7.5 dB. The
measured IL of transmit switch is 0.6 dB at 2.4 GHz while 0.8 dB of Bluetooth switch. With
critical on-chip matching to the antenna, the proposed front-end receiver is suitable for
WLAN and Bluetooth applications.
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