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Abstract 

In this paper, we demonstrate for the first time the implementation of 3-Dimensional (3D) multilayer technology on GaAs-

based pseudomorphic high electron mobility transistor (pHEMT) switches. Two types of pHEMT switches are considered, 

namely single-pole single-throw (SPST) and single-pole double-throw (SPDT). The design and analysis of the devices are 

demonstrated first through a simulation of the industry-recognised standard model, TriQuint’s Own Model - Level 3 (TOM3), 

developed by TriQuint Semiconductor, Inc. From the simulation analysis, three optimised SPST and SPDT pHEMT switches 

which can address applications ranging from L to X bands, are fabricated and tested. The performance of the pHEMT switches 

using multilayer technology are comparable to those of the current state-of-the-art pHEMT switches, while simultaneously 

offering compact circuits with the advantages of integration with other MMIC components. 

 

Keywords: GaAs, MMIC, pHEMT, SPDT, SPST, switch. 

_____________________________________________________________________________________________ 

 

1. Introduction 
 
Semiconductor chips for cutting-edge electronic devices such 

as smartphones and tablets are becoming increasingly 

sophisticated with the integration of components and circuits 

such as transmit-receive (T/R) circuitry, antennas, and global 

positioning systems (GPS). In spite of their superior 

performances, the costs involved in realising this technology 

are still excessively high. Over the years, there has been a 

continuous drive to reduce the manufacturing cost. 3-

Dimensional (3D) multilayer technology has good prospects 

of being adopted for this purpose, as all the components and 

circuits are arranged in vertically staggered component layers, 

which offers significant chip size reduction [1]–[3]. Reducing 

the chip size is important as compact chips improve the 

economics of manufacturing by allowing more components to 

be placed on a single chip reducing the area used. The 

performance of the chips can be improved further by 

monolithic integration of the devices with high performance 

GaAs monolithic microwave integrated circuits (MMICs)-

based active device technology [3], [4]. Figure 1 illustrates the 

implementation of multilayer MMICs on semi-insulating 

GaAs substrate using pseudomorphic High Electron Mobility 

Transistors (pHEMTs) which are pre-fabricated on top of the 

substrate. The integration of active and passive components 

can be realised by opening the silicon nitride (Si3N4) windows 

of the pre-fabricated pHEMTs which is labelled as committed 

pHEMT. This procedure allows sandwiched layers of metal 
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and dielectric layers to be deposited on the top of the 

committed pHEMT to create multilayer MMICs. 

 

MMIC switches have been used for many years, 

particularly for regulating signals in wireless communication. 

For instance, modern smartphones have many functions such 

as GPS, Bluetooth, radio, and antennas which operate on 

several frequency bands. To enable this multiband within one 

small device, multiple switching circuits are used. Many 

conventional switches employ p-i-n diodes which have 

demonstrated high quality performance [5], [6]. The process 

of traditional p-i-n diodes, however, is incompatible with the 

existing MMICs process technology [7], [8]. It also yields 

high DC power dissipation in the control bias circuitry [9]. 

Therefore, pHEMT switches are an attractive alternative, 

since they offer significant design flexibility, which is well-

matched with the MMIC process, and have faster switching 

speed. Several studies on pHEMT switches have been 

conducted recently in MMIC [10]–[12]; however none of 

them have utilised 3D multilayer technology in the design. 

This paper describes for the first time the implementation of 

single-pole single-throw (SPST) and single-pole double-throw 

(SPDT) switches using pHEMTs, which are developed using 

3D multilayer technology. The switches are fabricated and 

their performances analysed by means of microwave 

characterisations based on s-parameters. 

 

 

Figure 1. Conceptual illustration of 3D multilayer GaAs MMICs with 

three metal and two dielectric layers combining the multilayer circuits 
and the pre-fabricated pHEMT (commited pHEMT). 

 

 

2. Basics of pHEMT Switches 
 

This section firstly describes the characteristics of multilayer 

pHEMT that demonstrates the usefulness of the device in 

designing switching circuit. Next, the principle operations of 

two types of pHEMT switches are discussed, in order to 

provide a basic explanation of the switching mechanism. 

 

2.1 Characteristics of Multilayer AlGaAs/InGaAs pHEMT 

Multilayer AlGaAs/InGaAs pHEMTs operate as voltage-

controlled resistor where the resistance between the source 

and drain contacts in the channel is controlled by the gate bias. 

They therefore consume far less current than current 

controlled p-i-n switches. This property is useful in 

applications requiring low power consumption, such as mobile 

communications. In a typical switching mode, the device is in 

its low-impedance state when zero bias is applied to the gate. 

A high-impedance state is achieved by applying a negative 

voltage of greater than the pinch-off voltage to the gate.  

 

Measurements of the DC and RF characteristics of 

uncommitted and committed pHEMTs under bias suggested 

insignificant differences between these two configurations. 

Figure 2 shows the maximum attainable transconductance, gm 

for both uncommitted and committed pHEMTs of 58.5 mS 

and 54.1 mS, respectively. The current gain, h21 and the 

maximum stable gain / maximum available gain (MSG/MAG) 

of devices are derived from measured S-parameters as 

functions of frequency. The extrapolations of current gain, h21 

and MSG/MAG with -20 dB per slope give a cut-off 

frequency, ft and a maximum oscillation frequency, fmax, 

respectively. Figure 3 demonstrates the measured cut-off 

frequencies, ft of 30.7 GHz and 27 GHz as well as the 

maximum frequencies, fmax of 94.8 GHz and 117 GHz for the 

uncommitted and committed pHEMTs, correspondingly. 

Furthermore, the measured insertion loss, S21 of the 

committed pHEMT is shown to be comparable to the 

uncommitted pHEMT as depicted in Figure 4 confirming the 

feasibility of integration of these devices in producing 

compact MMICs.  

 

Additional layers of polyimide and metal on top of the active 

region have generated extra heat in the committed pHEMT 

[13]. This can be seen from the source resistance, Rs values of 

uncommitted and committed pHEMTs, which are 2.2 Ω and 

3.4 Ω, respectively. Further studies  on this thermal influence 

on committed pHEMT has been reported in the literature [14]. 

Since gm varies with Rs, a slightly degraded characteristic can 

be observed in their gm, as well as in the ft and fmax. The 

uncommitted and committed pHEMTs in this work are double 

heterostructure types which are shown in their gm 

characteristics as double peaks. Due to greater sensitivity of 

these channels at the 2DEG depth, these differences are more 

pronounced than the other depths of the channel especially as 

Vgs approaching zero volt. The multilayer processing also 

introduces additional parasitics such as resistances, 

inductances and capacitances. However, because these two 

devices have similar epilayers and gate width, the difference is 

insignificant. 

 

2.2 Principle Operation of pHEMT Switches 

Various switching configurations are available when 

designing a switching device, each with its own advantages 

and disadvantages. Figure 5 illustrates two fundamental 

switch configurations, namely series and shunt, which are 
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connected with quarter wavelength (λ/4) transmission lines at 

the input and output ports. The switches are controlled by two 

complementary gate signals, 0.2 V and -2 V, respectively. A 

series resistor, R, is normally added to the gate driver of the 

pHEMT to prevent RF signal leakage, and also to provide 

isolation between the RF signal path and DC control path. The 

series SPST switch is “ON” when the pHEMT is in the low-

impedance state and “OFF” when the pHEMT is in the high-

impedance state. In contrast, the shunt SPST is “ON” when 

the pHEMT is in the high-impedance state and “OFF” when 

the pHEMT is in the low-impedance state. In both cases, no 

biases are applied to the source and drain terminals, thus the 

pHEMT switches can be considered as passive devices. 

 
The pHEMT switches are characterised by a number of 

parameters including insertion loss and isolation. Insertion 

loss is defined as the transmission loss through the physical 

structure of a closed (“ON”) pHEMT switch. Isolation is a 

measure of how effectively a pHEMT switch can be turned 

“OFF”. These parameters are closely related to the DC 

characteristics of pHEMTs and are the most important factors, 

because high frequency signals leak through parasitic 

capacitances [15].  

 

To investigate the switching performance, all SPST and 

SPDT pHEMT switches in this study are simulated using 

Keysight Advanced Digital System (ADS) software based on 

the industry-recognised standard model, TriQuint’s Own 

Model - Level 3 (TOM3), developed by TriQuint 

Semiconductor, Inc. The simulated insertion losses and 

isolations of series and shunt pHEMT switches are shown in 

Figure 6. The data suggests that series pHEMT switch has 

higher insertion loss than shunt pHEMT switch over the 

whole frequency range. This is due to the higher ohmic 

contact resistance of the pHEMT. Hence, the shunt pHEMT 

switch is considered more lenient to high “ON” state 

resistance and is suitable to be used in a low-loss switch 

design. On the other hand, the isolation of series pHEMT 

switch is better than the shunt one at low-frequency range. 

However, its isolation was found to decrease at higher 

frequencies due to higher drain-source capacitance of the 

pHEMTs. All the information obtained from these basic series 

and shunt pHEMT switches is necessary, and will be taken 

into account when designing the optimal configurations of 

SPST and SPDT pHEMT switches using multilayer 

technology. 

 

Figure 2. Measured transfer and transconductance characteristics of the 

uncommitted and committed pHEMTs. 

 

 

Figure 3. The current gain, h21 and the maximum stable/available gain 
(MSG/MAG) of uncommitted and committed pHEMTs as a function of 

frequency response. 
 

 
Figure 4. Comparison of measured insertion loss, S21 of uncommitted and 

committed pHEMTs. 
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Figure 5. Series and shunt configurations of SPST pHEMT switches. 

 

 

Figure  6. Simulated insertion loss and isolation of series and shunt SPST 
configurations. 

 

 

3. Multilayer MMIC Fabrication Process 
 

In this study, the investigated SPST and SPDT pHEMT 

switches are fabricated from Filtronic’s 0.5 µm 

mushroom-shaped gate pHEMT using coplanar 

waveguide (CPW) MMIC technology. CPW structures 

are used on both sides of the input and output ports of 

the device, which employ ground-signal-ground (G-S-

G) pad structures for RF probe measurement purposes. 

The gate width is 100 µm with two fingers and the 

spacing between gate-source and gate-drain are 0.5 µm 

and 2.5 µm, respectively. The process is based on an 

AlGaAs/InGaAs/GaAs epitaxial layer structure grown 

on 600 µm thick GaAs semi-insulating (S-I) substrates 

by molecular-beam-epitaxy (MBE) technique. The 

multilayer fabrication consists of seven processing levels 

of mask design. These include a deposition of three 

Titanium/Gold (Ti/Au) metal layers and two polyimide 

dielectric layers with thicknesses of 0.8 µm and 2.5 µm, 

respectively. A wafer with pre-fabricated pHEMTs is 

passivated with a standard silicon nitride (Si3N4) layer.  

The integration of the pre-fabricated pHEMTs with 

other passive components in a vertically stacked 

arrangement is made possible by opening the Si3N4 

windows using a buffered oxide etch (HF) and 

lithography process. Si3N4 layer is very thin and the 

devices’ geometry is very relaxed. Therefore, a simple wet 

etching using buffered HF is the simpler process to use rather 

than dry etching in this technology. It is found that for that 

particular thickness, the Si3N4 can be etched for 120 second 

[16]. The Ti/Au contacts are formed by evaporation and 

lift-off processes. Figure 7 shows the layout of 

fabricated pHEMT using a multilayer process and its 

micrograph. A conductor layer is applied on top of the 

pre-fabricated pHEMT to allow other passive MMIC 

components to be integrated with the device, as well as 

providing a path for probing. The total number of cells on a 

typical GaAs multilayer wafer is 12. All the multilayer 

pHEMT switches from these cells are measured. On the 

average, 67% of the cells have been successfully analysed and 

produced good results. The remaining cells have shown 

relatively poor performances due to the positions of these cells 

close to the edge of the sample. 
 

 

Figure 7. Layout and micrograph of fabricated pHEMT in 3D multilayer 

process 

 

 

4. Design of SPST pHEMT Switches 
 

Many factors may influence the design and application of 

pHEMT switches. A well-performing switch has low insertion 

loss with excellent isolation. In this study, three specific 

design considerations are taken into account to achieve such 

performance criteria and are discussed in the following.   
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4.1 Multistage Switch 

One of the renowned practices to improve the performances of 

pHEMT switches is to cascade multiple series or shunt 

configurations, separated by λ/4 transmission line as shown in 

Figure 8 and Figure 9. Simulated results in Figure 10 and 

Figure 11 show that multistage series pHEMT switches 

improve isolation, but degrade insertion loss proportionately. 

 

 

Figure 8. Cascaded configuration of shunt pHEMT switches. 

 

 

Figure 9. Cascaded configuration of series pHEMT switches. 

 

 
Figure 10. Simulated isolation of cascaded series and shunt SPST configurations. 

 

 

Figure 11. Simulated insertion loss of cascaded series and shunt SPST 

configurations. 

 

4.2 Combination of Series-Shunt Configurations 

At high frequencies, series pHEMT switch designs may not be 

able to meet the requirements for insertion loss and isolation; 

therefore many commercially available pHEMT switches 

make use of both series and shunt devices in combination. 

Figure 12 demonstrates the schematic diagrams of series-

shunt combinations of pHEMT switches. As shown in Figure 

13 and Figure 14, adding a shunt pHEMT switch considerably 

improves isolation at a high-frequency range, at the cost of a 

slightly higher insertion loss. 

 

4.3 Varying Gate Width (Wg) 

Gate width is one of the key parameters that needs to be 

chosen sensibly when designing a switching circuit using a 

pHEMT device. An optimisation of the gate width is required 

to compromise their isolation and insertion loss. When the 

pHEMT is in the “ON” state, the resistance will decrease as 

the gate width increases, which results in the insertion loss 

decreases. This is clearly demonstrated in Figure 15 where the 

gate width of 200 µm of series-shunt SPST switch produces 

the lowest insertion loss among them all. Increasing the gate 

width also increases the capacitance, resulting in the decrease 

in isolation in the “OFF” state. Figure 16 shows the isolation 

of series-shunt SPST demonstrating better performance as the 

gate width increases. In this study, a 200 µm gate width has 

been chosen for all the design and analysis of multilayer 

pHEMT switches. 
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Figure 12.  Schematic diagram of series-shunt combination SPST 

pHEMT switches. 

 

 

Figure 13. Simulated insertion loss of series-shunt combination SPST 
configurations. 

 

 
Figure 14. Simulated isolation of series-shunt combination SPST configurations. 

 

 
Figure 15. Simulated insertion loss of series-shunt SPST configuration 

with various gate widths. 

 

 
Figure 16. Simulated isolation of series-shunt SPST configuration with 

various gate widths. 
 

 

 

5. SPDT pHEMT Switches Design 
 
Switches may vary in the number of both poles and throws. 

The SPDT pHEMT switches under consideration have one 

input and two output arms. Ideally, when both arms are 

matched to 50 Ω, a 50% voltage split is expected between 

them. This switches power into either of the arms depending 

on the DC bias applied to the pHEMTs. SPDT switches in this 

study use SPST configuration as their basic building block. 

Figure 17 shows the schematic diagrams of the series and 

shunt SPDT pHEMT switches. Multiport S-parameters are 

used in ADS in conjunction with the TOM3 models of the 

active devices to simulate the pHEMT switches’ performance. 

Series SPDT pHEMT switch shows better insertion loss and 

isolation than shunt SPDT pHEMT switch as shown in Figure 

18 and Figure 19. Its insertion loss is higher than 1 dB and 

isolation of more than 16 dB is obtained on the entire 

frequency bands. 
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Figure 17. Schematic diagrams of series SPDT and shunt SPDT 

pHEMT switches. 

 

 

Figure 18. Simulated insertion loss of series SPDT and shunt SPDT 

pHEMT switches. 

 

 
Figure 19. Simulated isolation of series SPDT and shunt SPDT pHEMT 

switches. 

 

 

6. Measurement Results and Discussion 
 

In this work, all the pHEMT  switches are designed based on 

pHEMTs that are exclusively operated in a common-source 

configuration [10]–[12]. On-wafer S-parameter measurements 

are carried out based on four different frequency ranges from 

L, S, C, and X bands using HP8510C network analyser that is 

connected to Cascade Microtech 9000 analytical probe station 

at room temperature using coaxial cables. The network 

analyser uses 150 µm G-S-G probe pitch and is calibrated 

using a standard LRRM calibration substrate. A DC power 

supply is used to provide gate bias to the pHEMTs. Figure 20 

illustrates the setup for measuring the pHEMT switches. 

 

Micrographs of fabricated SPST and SPDT pHEMT switches 

are shown in Figure 21. Their measured and simulated results 

are compared in Figure 22 and Figure 23 where similar 

patterns of behaviour can be observed from the S-parameters’ 

performance. The accuracy in design and simulation of SPST 

and SPDT pHEMT switches is ensured by comparing the 

simulated and measured data with the extracted data obtained 

from the small-signal model. Our investigations in several 

multilayer devices utilising pHEMT have shown that the 

differences between the simulated and measured results are 

due to the use of standard TOM3 model in ADS simulation 

tool, which does not consider the effect of multilayer 

processing as discussed in Section 2 [17]. Besides that, the 

measurements do not reflect the actual results since the effects 

of the internal VNA features and the test fixtures are not 

considered due to calibration reference plane used. Hence, the 

error percentage between the measured and the simulated S-

parameters of the devices is shown to be high (around 40%-

55%). The insertion loss is quite high due to inductive and 

capacitive losses introduced by the 50 Ω CPW transmission 

lines. The measured data are raw data without de-embedding; 

hence the losses can be reduced by subtracting the 

contribution of these unwanted portions of the structure. 
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Insertion loss error in simulated and measured results is 

increasing at higher frequencies as shown in Figure 22 due to 

high losses of the thin film conventional CPW transmission 

lines used in the design [18]. The insertion loss can be 

improved in an optimised process by increasing the conductor 

thickness of the transmission line and replacing the gold 

conductor to copper which has a higher conductivity [18]. 

 

The performance of the measured SPST and SPDT pHEMT 

switches are summarised and compared with commercially 

available and published pHEMT switches in Table I. The table 

suggests that better performances and smaller chip sizes can 

be obtained using multilayer technology. They are comparable 

with the current state-of-the-art pHEMT switches, and provide 

the advantage of possible integration with other MMIC 

components in vertical arrangement.  

 

 

 

Figure 20. Measurement setup for pHEMT switches. 

 

 

Figure 21. Micrographs of fabricated pHEMT switches (a) Series-Shunt 

SPST, (b) Series-Shunt (3pHEMTs) SPST, and (c) Series SPDT. 

 

Figure 22. Comparison of measured and simulated insertion losses of 

fabricated SPST and SPDT pHEMT switches. 

 

Figure 23. Comparison of measured and simulated isolations of 
fabricated SPST and SPDT pHEMT switches. 

 

 

7. Conclusion 
 
GaAs multilayer technology has been successfully used for 

the first time to realise compact SPST and SPDT pHEMT 

switches, on pre-fabricated GaAs pHEMT wafers. In spite of 

early stage of multilayer processing technology, TOM3 model 

showed good agreement with the measured data providing a 

valuable tool in the design of MMICs. The developed pHEMT 

switches demonstrated 1.39 dB maximum insertion loss and 

26.5 dB minimum isolation at 2.4 GHz. Although the insertion 

loss can be improved through proper de-embedding of the 

data, the results are encouraging and significant, not only 

because of their novelty but also because they offer potential 

integration with other MMIC components in a compact single 

chip. The investigation of uncommitted and committed 

pHEMTs suggested that multilayer fabrication processing 

does not introduce any significant effects on the performance 

of the pHEMTs. Hence, to achieve a miniature overall chip 

size, it is possible to integrate active and passive components 

by implementing this technology. 

(a) (b)

(c)
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TABLE I 
COMPARATIVE TABLE WITH COMMERCIAL AND PUBLISHED SPST AND SPDT PHEMT SWITCHES 

Type  Reference 
No. of 

pHEMT 
Chip Size (mm2) 

Insertion Loss (dB) @ Isolation (dB) @ 

1-2 

GHz 

2-4 

GHz 

4-8 

GHz 

8-12 

GHz 

1-2 

GHz 

2-4 

GHz 

4-8 

GHz 

8-12 

GHz 

SPST  [11] 4 0.9 x 0.5 0.2 0.4 0.5 0.8 28 31 39 43 

SPDT  [11] 4 0.7 x 0.7 0.5 0.8 1.0 1.8 41 35 29 23 

SPST [19] 2 1.5 x 1.5 1.8 40 

SPDT   [12] 6 1.4 x 1.7 1.7 40 

SPST This Work 2 0.7 x 0.7 1.39 1.67 2.26 2.60 43.16 38.14 34.60 32.98 

SPST  This Work 4 0.7 x 1.3 1.27 1.37 1.62 1.90 32.86 27.05 21.13 17.66 

SPDT This Work 2 0.9 x 0.7 1.22 1.31 1.66 2.40 26.52 19.91 14.00 11.05 

 


