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Abstract

:

This paper presents two power amplifiers designed for 5G NR n77 and n78 bands. These power amplifiers were fabricated using WINTM Semiconductors’ 0.25 μm GaN/SiC technology and GaAs IPD technology. To achieve a reduction in costs, GaAs IPD technology was incorporated in the design, leading to the realization of a quasi-monolithic microwave integrated circuit design. To ensure high power, high efficiency, and broadband operation, a continuous Class-J mode output matching network was utilized. The power amplifier with split chip-on-board wire-bond assembly had a power gain of 21.7 dB, a 3 dB power bandwidth ranging from 2.85 GHz to 4.48 GHz, a saturation power of 40.3 dBm, and a peak power-added efficiency of 39.5%. On the other hand, the power amplifier with stack chip-on-board wire-bond assembly had a power gain of 21.7 dB, a 3 dB power bandwidth ranging from 2.84 GHz to 4.47 GHz, a saturation power of 40 dBm, and a peak power-added efficiency of 36.5%. For a 5G NR FR1 256-QAM 100-MHz bandwidth modulated signal with a frequency range of 3.3 GHz to 4.2 GHz, both the split and stack chip-on-board wire-bond assembly power amplifiers achieved average output powers of 29.6 dBm and 28.3 dBm, respectively. These output powers were measured under an error vector magnitude requirement of 3.5%.
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1. Introduction


The fifth generation (5G) of mobile network technology offers high-speed data transmission, low latency, and a high data rate. It facilitates various applications, including multimedia services like high-definition video streaming as well as Internet of Things (IoT) applications, thus enabling the development of smart homes, smart cities, and autonomous driving. The expansion of 5G networks has led to a surge in demand for microcells in indoor settings such as homes, offices, factories, and warehouses. These microcells require radio frequency (RF) power in the range of 1–10 W to provide coverage over distances of 30–1000 m [1,2]. Because microcells are typically powered by fixed cables, the supply voltage (which is typically around 4.2 volts) will not be limited by lithium-ion batteries. Utilizing higher supply voltages from the fixed power source enables the use of power amplifiers (PAs) that require higher voltages for efficient and high-power operation.



While complementary metal oxide semiconductor PAs are cost-effective and commonly used in consumer products, they lack the linearity, efficiency, and output power needed for higher-power applications. Gallium arsenide (GaAs) heterojunction bipolar transistors and pseudo-morphic high-electron-mobility transistors (HEMT) offer higher power density and gain. GaAs technology is traditionally used in RF PAs [3,4]. However, for sub-6 GHz microcell applications that require high output power, gallium nitride (GaN) HEMT technology offers clear advantages. GaN HEMT technology’s wide bandgap, high electron saturation velocity, and high breakdown voltage enable higher RF output power due to higher DC voltage and power density compared to GaAs HEMT technology. GaN HEMT has seen a significant rise in its utilization across various applications [5,6].



The use of discrete GaN HEMT components can achieve high performance and cost effectiveness [7,8,9]. However, for size-sensitive microcells, monolithic microwave integrated circuits (MMICs) and quasi-MMIC PAs are preferred. Despite the advantages of MMIC design in achieving a compact size, the cost of a fully integrated solution is relatively high. This cost consideration could pose challenges in meeting the demands of large-scale installations required by infrastructure providers. As a result, quasi-MMIC PAs with GaAs integrated passive device (IPD) technology are preferred for size-sensitive and price-sensitive microcells. They offer a balance between performance and cost effectiveness compared to MMIC designs with expensive GaN/SiC wafers. These quasi-MMIC PAs provide excellent performance while meeting size constraints and remaining cost-effective, making them an attractive choice for microcell applications [10,11,12,13,14,15].



The Doherty power amplifier design is known for maintaining high efficiency at large output power back-offs. However, it faces challenges in achieving wide bandwidth due to the use of a load modulation network, which limits its frequency coverage [16]. Harmonic tuning can improve the efficiency of PAs, but it is limited by bulky quarter-wave transmission lines and LC resonators, affecting the operating bandwidth and chip area [17]. To achieve wide bandwidth without such limitations, continuous mode designs have been employed [18,19,20]. These continuous mode designs utilize simple matching networks, allowing for a broader frequency range and more efficient power amplification over a wider bandwidth.



In this paper, two high-power high-efficiency broadband GaN quasi-MMIC PAs are introduced. The proposed PAs were fabricated in WINTM Semiconductors’ 0.25 μm GaN/SiC HEMT technology and GaAs IPD technology. A continuous Class-J mode output matching network was designed to achieve excellent output performance. The chip-on-board (CoB) wire-bond assembly method was employed to ensure stability and efficient heat dissipation. The split design PA achieved a peak power of 40.3 dBm, while the stack design PA reached a peak power of 40 dBm. For a 5G NR FR1 256-quadrature amplitude modulation (QAM) 100 MHz bandwidth test signal, the average power output for the split design PA was 31.8 dBm, and for the stack design PA, it was slightly lower at 31.5 dBm. The experimental findings are summarized and then compared with the results obtained from studies that have been previously published.




2. Circuit Design


2.1. Assembly and Interconnect Design


For a quasi-MMIC PA design, the authors have the option to choose between flip-chip and CoB wire-bond assembly methods, as depicted in Figure 1. However, considering the target output power of 10 W, it becomes crucial to account for heat dissipation capabilities. Due to the complexity of attaching a heat sink on a flip-chip assembly during RF probing measurements, the authors opt for split and stack CoB wire-bond assembly methods, as shown in Figure 1b,c. In this approach, the substrate printed circuit board (PCB) and heat sinks will efficiently dissipate heat for the output-stage GaN transistors.



For the Class-J output matching network (OMN) design, harmonic frequencies should be considered. In order to minimize the bandwidth impact of bond wire interconnects, a proper wire-bond configuration should be employed. There are several bond wire interconnect designs that can improve bandwidth [21,22,23]. However, those designs are for low-power signal traces. When it comes to high-power high-current design, multiple bond wires should be used. The different bond wire topologies are simulated using the Keysight Advance Design System (ADS) Momentum 3D finite element method (FEM). Figure 2 shows simulation settings of 300 μm length bond wires with different quantities ranging from 1 to 5. The bond wire diameters are 1.0 mil, and the bond ball diameters are 55 μm. As a result, the designed spacing between the bond wires is 100 μm. Therefore, the designed bond pad lengths are 50 μm, and the widths range from 50 μm to 450 μm.



The 3D FEM simulated results of 300 μm length bond wire designs are shown in Figure 3. Figure 3a,b displays the |S11| and |S21| of different designs with different quantities of bond wire. At first, one-bond-wire design, which has the highest inductance, is the worst in |S11| and |S21|. When the quantity is increased to 2 and 3, the results are better. When the quantity is increased to 4 and 5, the results are worse. Thus, the three-bond-wires design has the best results both in |S11| and |S21|. Figure 3c displays the |S11| trajectory in the Smith chart, which is similar to [21]. The bond pad widths increase with the bond wire quantity. Therefore, the parasitic capacitances also increase. The imaginary parts of one- and two-bond-wires designs go positive. On the other hand, the imaginary parts of four- and five-bond-wires designs go negative. The three-bond-wires design has the best combination of inductances and capacitances. Although the three-bond-wires design’s bandwidth is narrower than [21], the total chip area is much smaller. Therefore, the 300 μm length three-bond-wires design can facilitate high-current capacity and wide bandwidth at the same time.



Figure 4 shows the 3D FEM simulated results of 400 μm length bond wire designs with different bond wire quantities ranging from 1 to 5. The three-bond-wires design yielded the best results both in |S11| and |S21|. Although the bandwidth of 400 μm length design is narrower than that of 300 μm length design, it is still appropriate for current circuit design. Thus, the following design steps could use three bond wires with 300–400 μm lengths.




2.2. Transistor and Bias Selection


From the WINTM Semiconductors technology introduction documents, the 0.25 μm gate GaN technology is manufactured on 100 µm SiC substrate. The verified 2 × 125 µm gate channel width transistor of the process performs saturated power density of 5 W/mm at 10 GHz; VD = 28 V, and ID = 100 mA/mm. In order to obtain over the desired 8 W output power, the total gate channel width of 2000 µm was selected. Then, the maximum stable gain (MSG), maximum available gain (MAG), and short circuit current gain (hFE) versus frequency are simulated by the 10 × 200 µm transistor. The results show the maximum frequency of oscillation (fMAX) is higher than 60 GHz. The cut-off frequency (fT) is higher than 20 GHz. Since the fT and fMAX are much higher than the desired n77 and n78 bands of 3.3–4.2 GHz, the RF operation of the 10 × 200 µm transistor was assured. In the load-pull simulation, the 10 × 200 µm transistor obtains 40 dBm output power at the 3-dB compression point (OP3dB), as Figure 5a shows. Figure 5b presents the dynamic load line, with a VGS range from 0 V to −2.6 V in steps of 0.2 V. Thus, the large-signal output performance was also assured.



GaN HEMT usually suffers from the soft gain compression phenomenon. While the gains of other processes’ transistors compress at high power levels, the gains of GaN HEMT compress very early. In order not to increase amplitude-modulation-to-amplitude-modulation (AM–AM) and amplitude-modulation-to-phase-modulation (AM–PM) distortions, an optimal bias point must be carefully determined [24]. Figure 5c showcases the large-signal transconductance (Gm) response for the 10 × 200 µm transistor. Notably, a gate current of 27–37 mA could cause a fairly flat Gm response. Thus, the gate voltage is determined by −2.47 V.




2.3. Bias and Stability Network Design


Most RF and microwave transistors are potentially unstable at both high and low frequencies. GaN HEMT could easily oscillate and burn down due to high gains and high output power. Therefore, for designing a GaN RF amplifier, it would be the first priority to keep the amplifier stable and prevent oscillation. The bias network combing the stabilized network is shown in Figure 6a. The bias network is designed using the 795 Ω gate resistor Rg with the total bypass capacitance of 16 pF. The stabilized network is designed using a 7 Ω resistor Rs and a parallel RC network, a 72.4 Ω resistor Rsp and a 2 pF capacitor Csp. Later in the layout phase, the capacitor Csp would be separated into two for layout symmetry. The parallel RC network, Rsp and Csp, is tuned for in-band stability. The parallel RC network could keep the amplifier circuit stable and does not overly degrade the gains in operation bands. The bias resistor Rg is used for low-band stability. The simulated Rollet’s stability factor (K), Δ and stability measure (B1) are shown in Figure 6b. The necessary and sufficient conditions for unconditional stability are K > 1, |Δ| < 1, and B1 > 0 [25]. In Figure 6b, the unconditionally stable conditions are fully met at both high and low frequencies. Thus, the small-signal stability was assured. The series resistor Rs is used for large-signal stability. The simulated large-signal stability factor K is shown in Figure 6c. The input power is swept from 0 to 25 dBm, and the K > 1 requirements are well-fit at 3.0–4.5 GHz. Hence, the large-signal stability was also assured.




2.4. Class-J Output Matching Network


The continuous Class-J mode specifies the optimum load impedances at the fundamental frequency and the second harmonic frequency, as follows [26,27].


    Z   L       f   0     =   1 + j γ     R   o p t    



(1)






    Z   L     2   f   0     = − j   3 π / 8   γ   R   o p t    



(2)







For the third- and higher-order harmonics, the optimal load impedances are considered to be short circuits in the continuous Class-J mode. The term Ropt represents the optimal load resistance of the transistor. The parameter γ is derived from the voltage and current waveform and is utilized to determine the load impedance (ZL). If the value of γ falls within the range of −1 to 1, it indicates that the continuous Class-J mode can be sustained. Consequently, it becomes possible to attain output power, efficiency, and bandwidth.



Figure 7a illustrates the OMN design, in which RL represents the load impedance of 50 Ω. The capacitor Cout represents the transistor’s drain–source parasitic capacitance. The resonant circuit L2//C2 is designed to function as an open circuit at the second harmonic frequency. Additionally, the capacitor C4 serves as a DC block in the circuit.



Figure 7b displays the OMN equivalent circuit at the fundamental frequency. In order to compensate for the presence of wire bond (WB) between GaN and GaAs IPD chips, the capacitor C1 is designed so that Cout, WB, and C2 form a combination to achieve an equivalent capacitive reactance, denoted as Ceq. Subsequently, the inductor L1 is designed to resonate with the Ceq at the fundamental frequency. Therefore, the OMN functions as an L-type impedance matching network, utilizing the combination of Leq and C3 to convert the load impedance RL to Ropt.



Figure 7c depicts the equivalent circuit of the OMN at the second harmonic frequency. The resonant circuit L2//C2 functions as an open circuit at the second harmonic frequency. The reactance of L1 increases as the frequency rises. Thus, the L1//Ceq is designed to be equivalent to a capacitor, denoted as Ceq2. As a result, the load impedance ZL(2f0) could achieve purely imaginary impedance as described in the Equation (2). The capacitor C3 plays a crucial role in reducing the load RL and eliminating the resistances. This enables the resonant circuit L2//C2 to behave more like an open circuit. Consequently, it becomes easier to achieve a small and purely imaginary impedance, which is advantageous compared to the approach described in [28].



The optimum load of 40 Ω is obtained through load-pull simulation along with the equivalent output capacitance (Cout) of 974 fF. Figure 8a illustrates the frequency response of the designed OMN in a rectangular plot, while Figure 8b represents the same response in a Smith chart. At the fundamental frequency, the real part of output impedance is approximately 42 Ω and the parameter γ ranges from −0.31 to 0.29. At the second harmonic frequency, the real part of output impedance approaches zero, resulting in a purely imaginary impedance. The simulated result validates that the power amplifier operates in the continuous Class-J mode.




2.5. Schematics, Assemblies, and 3D Views


Figure 9a,b displays the schematics and components lists of the proposed continuous Class-J mode quasi-MMIC PAs that utilize GaN and GaAs IPD technology. In Figure 9a, the design is based on a split CoB wire-bond assembly. On the other hand, Figure 9b represents a stack CoB wire-bond assembly design. In these PA designs, the transistors’ gate widths are designed as 1000 (8 × 125) µm for the driver stage (Q1) and 2000 (10 × 200) µm for the output stage (Q2). The PAs are configured with a 1:2 gate periphery driving ratio, which guarantees sufficient driving to saturate the output stage. Both stages are biased at deep class AB. The resistors (Rsp1 and Rsp2) of the stability networks are divided equally by two resistors to achieve a balanced layout configuration with a symmetrical signal path. The input matching network and interstage matching network utilize a band-pass matching technique to enhance the overall bandwidth of the PAs.



Figure 10a,b presents the assemblies and 3D views of the quasi-MMIC PAs. Figure 10a depicts the split CoB wire-bond assembly design, while Figure 10b shows the stack CoB wire-bond assembly design. These figures provide a visual representation of the physical layout and arrangement of the components in the PAs.





3. Experimental Results and Discussion


3.1. Chip Photographs and Assemblies


The photographs of the fabricated quasi-MMIC PAs are displayed in Figure 11a,b. These chips are adhered to a four-layer PCB using ABLEBOND 84-1LMISR4 conductive adhesive. Among them, the stack design GaN chip is mounted on top of the GaAs IPD. To prevent the conductive adhesive from overflowing onto the PCB pads, the bond wire in the stack design is slightly longer compared to the split design. In the split design, the GaN chip area, excluding the cutting street, was 2.87 mm2 (1.75 × 1.64 mm). The sizes of the GaAs IPD chips for input matching network (IMN) and OMN were 0.64 mm2 and 2.19 mm2 (0.8 × 0.8 mm and 1.24 × 1.77 mm), respectively. On the other hand, in the stack design, the GaN chip area, excluding the cutting street, was 2.1 mm2 (1.75 × 1.2 mm). As for the GaAs IPD chip in this configuration, the area was 12.11 mm2 (4.64 × 2.61 mm). Despite the fact that the stack design utilizes a larger area of GaAs IPD chips compared to the split design, it consumes less GaN chip area while providing greater potential for additional system integration. With the stack design, there are increased possibilities for integrating the remaining transceiver components directly on the GaAs chip using chip-on-chip (CoC) technology, ultimately enabling the integration of a system-in-package (SiP).



As mentioned in Section 2.1, heat sinks are employed on the backside of the PCB to enhance heat dissipation from the output-stage GaN transistors. Additionally, off-chip bypass capacitors are soldered onto the PCB to improve the stability of the low-frequency band. These measures ensure that the power amplifiers operate within safe temperature limits and maintain reliable operation while minimizing potential stability issues.



The measurement signal input and output were performed using RF wafer probing, while the bias currents were supplied by bond wires through PCB traces. It is noted that the current-carrying capacity of a 1.0 mil diameter gold bond wire is 0.5 A. Given that the simulated drain current of the output-stage transistor is 0.57 A, double bonds are employed from the drain DC pad to the PCB pad to ensure sufficient current-handling capacity.




3.2. Small-Signal and Large-Signal Characterizations


Figure 12a,b presents the S-parameters observed under biased currents of ID1 = 16 mA and ID2 = 21 mA and supply voltages of VD1 = VD2 = 28 V. The split CoB wire-bond assembly PA demonstrated a small-signal gain of 21.7 dB and a 3 dB bandwidth ranging from 2.85 to 4.48 GHz, resulting in a 44.5% fractional bandwidth. Similarly, the stack CoB wire-bond assembly PA achieved a small-signal gain of 21.6 dB and a 3 dB bandwidth ranging from 2.84 to 4.47 GHz, leading to a 44.6% fractional bandwidth. Analytical evaluations indicated favorable agreement between the simulated and measured results. These findings suggest that the designed PAs perform well and exhibit good agreement between the simulated performance and the measured performance.



The large-signal power performances were evaluated using pulsed RF measurements conducted with PXA-N5247B to avoid excessive temperature rise and potential damage to the GaN chips. The measurements involved a pulse width of 100 μs and a duty cycle of 10%. Figure 13a,b presents the power performances at 3.4 GHz. The split CoB wire-bond assembly PA exhibited a Psat value of 40.3 dBm (10.7 W), an OP1dB value of 36.4 dBm, and a peak PAE of 39.3%. The stack CoB wire-bond assembly PA exhibited a Psat value of 40 dBm (10 W), an OP1dB value of 36.4 dBm, and a peak PAE of 35.6%.



Figure 14a,b illustrates plots showing power versus frequency, both measured and simulated, for the designed PAs. For the split CoB wire-bond assembly PA, the measured Psat value exceeded 37.4 dBm (equivalent to 5.5 W) within the frequency range of 2.7 to 4.5 GHz, and the peak power-added efficiency (PAE) was above 27.5%. Additionally, with a Psat value of 40.3 dBm, the 3 dB power bandwidth covered the range from 2.7 to 4.5 GHz, resulting in a 42% power fractional bandwidth (PFBW). On the other hand, for the stack CoB wire-bond assembly PA, the measured Psat value surpassed 37.9 dBm (6.2 W) within the 2.7 to 4.5 GHz frequency range, and the peak PAE was higher than 22%. The Psat value of 40 dBm indicated a 3 dB power bandwidth spanning from 2.7 to 4.5 GHz, providing a 50% PFBW. These measured power frequency responses of the designed PAs are well-suited for 5G NR FR1 n77 and n78 bands.




3.3. Modulation Signal Characterizations


The modulation signal measurement was carried out using specific test equipment, including a Mini-Circuits ZVE-3W-83+ pre-amplifier, Keysight AWG M8190A, PSG E8267D, and UXA N9041B devices. The modulation signal used was a 5G New Radio (NR) Frequency Range 1 (FR1) signal with a bandwidth of 100 MHz, utilizing 256-QAM modulation with a coding rate of 3/4.



Figure 15a,b displays plots representing the measured constellation and error vector magnitude (EVM) for both the split and stack design power amplifiers (PAs) against various average output power values. The split CoB wire-bond assembly PA achieved an average output power of 29.6 dBm while meeting the EVM requirement of 3.5%. Similarly, the stack CoB wire-bond assembly PA yielded an average output power of 28.3 dBm under the same EVM requirement of 3.5%. These results indicate that both the split and stack design PAs are suitable for 5G NR operation as they meet the EVM and output power specifications for reliable and efficient communication in the 5G NR FR1 n77 and n78 bands.



The results of the DUT power spectrum density (PSD) and adjacent channel leakage power ratio (ACLR) measurements with a 5G NR FR1 100 MHz 256-QAM signal are displayed in Figure 16. With the implementation of digital predistortion (DPD), both the split design PA and the stack design PA were able to meet the stringent −30 dBc (decibels relative to the carrier) user equipment ACLR requirement for the n77 and n78 frequency bands. The split PA achieved this performance with an average output power (Pout) of 31.8 dBm, while the stack PA achieved it with a slightly lower average Pout of 31.5 dBm. The implementation of DPD also improved the EVM results. Both designs fulfilled the EVM requirement of 3.5% under the power levels.



By using DPD, these power amplifiers were able to effectively mitigate distortions and non-linearities, ensuring that the transmitted signals meet the required standards for adjacent channel emissions, which is critical for maintaining a high-quality and interference-free communication in the 5G NR n77 and n78 bands.





4. Discussion


Table 1 provides a comparison of various S/C-band GaN power amplifiers proposed in the literature [29,30,31]. The PAEpeak denotes the maximum PAE achieved at saturated output power. We have included [28] in the table due to the resemblance of its continuous mode design to that of this study. It is noteworthy to assess the performance against our CoB wire-bond assembly outcomes. Despite [28] being a one-stage design, our split design retains a smaller GaN chip area compared to [28], while still maintaining commendable output performance. Although our work entails a two-stage PA design, we have included [29,30] for comparison purposes. Furthermore, the GaN chip areas in our designs are also smaller than those in [29,31].



The proposed quasi-MMIC PAs are designed in two stages while utilizing the minimum GaN chip area. This design approach optimizes the use of expensive GaN 0.25 μm chips, reducing costs significantly. Furthermore, considering that GaAs IPD chips cost about 1/4 of GaN 0.25 μm chips, the proposed quasi-MMIC PAs are not only highly efficient but also cost-effective.



The combination of superior performance and cost effectiveness makes the proposed PAs stand out as a compelling solution. They provide excellent power efficiency, output power, bandwidth, and power gain, making them well-suited for S/C-band applications. Overall, the proposed PAs demonstrate a well-balanced approach, maintaining good performance while also considering cost considerations, which makes them a highly competitive choice compared to other alternatives discussed in the literature.




5. Conclusions


In the present study, two quasi-MMIC two-stage PAs were developed for the 5G NR n77 and n78 bands using WINTM Semiconductors’ 0.25 μm GaN/SiC HEMT process and GaAs IPD process. Given thermal considerations, the CoB wire-bond assembly method was chosen, and the interconnect design was carefully executed using three bond wires with lengths of 300–400 μm. To demonstrate the concept’s potential, two assembly methods were implemented: the split and stack designs. The split design consists of GaN chips with an area of 2.87 mm2 along with GaAs IPD chips measuring 0.64 mm2 and 2.19 mm2 (excluding the cutting street). The split design was found to be the more cost-effective option. On the other hand, the stack design involves GaN chips with an area of 2.1 mm2 and GaAs IPD chips with a much larger area of 12.11 mm2. The stack design optimizes the GaN chip sizes while providing a larger GaAs IPD area. This larger GaAs IPD chip area presents the potential for integrating an SiP, enabling further development with advanced functionalities.



The continuous Class-J mode design was employed for both spilt and stack design. The CoB wire-bond assembly was carefully considered in the IMN and OMN designs. The fabricated split design PA achieved a maximum Psat value of 40.3 dBm (10.3 W), an OP1dB value of 36.4 dBm, a bandwidth of 44.5%, and a peak PAE of 39.3%. On the other hand, the stack CoB wire-bond assembly PA achieved a maximum Psat value of 40 dBm (10 W), an OP1dB value of 36.4 dBm, a bandwidth of 44.6%, and a peak PAE of 35.6%. Both the split and stack design PAs demonstrated Psat values exceeding 37.4 dBm and 37.9 dBm within the frequency range of 2.7 to 4.5 GHz. The fabricated PAs exhibited excellent in-band and out-of-band performance under a 5G NR FR1 100 MHz 256-QAM signal. The overall measurement results indicate that the proposed two continuous Class-J mode quasi-MMIC PAs can be used for 5G NR FR1 microcell applications.
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Figure 1. The candidates for assembly method: (a) flip-chip assembly; (b) split CoB wire-bond assembly; and (c) stack CoB wire-bond assembly. 
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Figure 2. The 3D FEM simulation settings of different quantities of 300 μm length bond wires: (a) one bond wire; (b) two bond wires; (c) three bond wires; (d) four bond wires; and (e) five bond wires. 
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Figure 3. The S-parameters simulation results of 300 μm length bond wires with different quantities: (a) |S11|; (b) |S21|; and (c) |S11| (Smith chart). 
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Figure 4. The S-parameters simulation results of 400 μm length bond wires with different quantities: (a) |S11|; (b) |S21|; and (c) |S11| (Smith chart). 
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Figure 5. The simulated large-signal output performances of the 10 × 200 µm transistor at 3.7 GHz: (a) power and PAE contours; (b) dynamic load line; (c) simulated Gm versus Pin under different bias voltages (VGS). 
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Figure 6. (a) The bias and stability network; (b) Rollet’s stability factor (K), Δ and stability measure (B1); (c) large-signal K. 
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Figure 7. (a) The designed OMN of the proposed quasi-MMIC Pas; (b) equivalent circuit at the fundamental frequency; (c) equivalent circuit at the second harmonic frequency. 






Figure 7. (a) The designed OMN of the proposed quasi-MMIC Pas; (b) equivalent circuit at the fundamental frequency; (c) equivalent circuit at the second harmonic frequency.



[image: Electronics 12 03494 g007]







[image: Electronics 12 03494 g008] 





Figure 8. Impedance at the intrinsic plane of the output stage transistor: (a) rectangle plot; (b) Smith chart. 
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Figure 9. The schematics of the proposed continuous Class-J mode quasi-MMIC PAs: (a) split CoB wire-bond assembly design; (b) stack CoB wire-bond assembly design. 
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Figure 10. The 3D EM views of the proposed continuous Class-J mode quasi-MMIC PAs: (a) split CoB wire-bond assembly design; (b) stack CoB wire-bond assembly design. 
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Figure 11. The assembly chip photographs of (a) split CoB wire-bond assembly design; (b) stack CoB wire-bond assembly design. 
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Figure 12. The S-parameters of the proposed quasi-MMIC PAs: (a) split CoB wire-bond assembly design; (b) stack CoB wire-bond assembly design. 
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Figure 13. The measured and simulated power performance at 3.4 GHz: (a) split CoB wire-bond assembly design; (b) stack CoB wire-bond assembly design. 






Figure 13. The measured and simulated power performance at 3.4 GHz: (a) split CoB wire-bond assembly design; (b) stack CoB wire-bond assembly design.



[image: Electronics 12 03494 g013]







[image: Electronics 12 03494 g014] 





Figure 14. Measured and simulated power performance versus frequency: (a) split CoB wire-bond assembly design; (b) stack CoB wire-bond assembly design. 
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Figure 15. Plot of the measured constellation and EVM for the split design PA: (a) constellation; (b) EVM versus output power. 
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Figure 16. Plot of the measured PSD and ACLR: (a) the split CoB wire-bond assembly PA; (b) the stack CoB wire-bond assembly PA. 
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Table 1. Comparison of various S/C band GaN MMIC and quasi-MMIC power amplifiers.
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	Reference
	[28]
	[29]
	[30]
	[31]
	This Work I (Split)
	This Work II (Stack)





	Process
	GaN 0.25 μm
	GaN 0.25 μm
	GaN DFN packaged device **
	GaN 0.25 μm
	GaN 0.25 μm GaAs IPD
	GaN 0.25 μm GaAs IPD



	Type
	One-stage Cont. Class-B
	Two-stage
	Discrete two-stage
	Two-stage
	Quasi-MMIC two-stage Cont. Class-J
	Quasi-MMIC two-stage cont. Class-J



	Freq. (GHz)
	4.2–7.0
	5.2–6.2
	3.8–8.8
	2.7–3.5
	2.85–4.48
	2.84–4.47



	BW (%)
	50
	17.5
	79.4
	25.8
	44.5
	44.6



	Gain (dB)
	12.4
	20
	17
	19.3
	21.7
	21.6



	Psat (dBm)
	36.4
	43
	37.7
	34.6
	40.3
	40.0



	PAEpeak (%) *
	49
	41
	38
	56.6
	39.3
	36.5



	Chip Size (mm2)
	2.16
	15.75
	NA
	3.55
	2.87 (GaN) 2.83 (GaAs)
	2.1 (GaN) 12.11 (GaAs)







* PAE @ saturated output power. ** Wolfspeed CGHV1F006S.
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