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Millimeter-wave applications above K,-band have become increasingly important for both the military
and commercial sector. With the overcrowded spectrum at lower microwave frequencies, more systems are
demanding the use of unlicensed spectrum space at V-, W-band and beyond. Data communications for
wireless links are requiring frequencies greater than 75 GHz to achieve high data rates up 80 Gbps. Scalable
W-band phased arrays using silicon technology have been demonstrated for automotive radar, imaging and
communication. Technologies such as Gallium-Nitride (GaN) have been pushing high-frequency perfor-
mance with operating frequencies in the hundreds of GHz allowing the capability for solid-state high-power
transmitters. General challenges for W-band high-power solid-state transmitters are achieving high effective
radiated power (ERP) in a small footprint and with reasonable efficiency for space constrained applications.
Recent advances in GaN technology with cutoff frequencies f; > 150 GHz achieve power densities as high
as 3 W/mm at W-band. For very high-power applications many amplifiers are required to be combined
and fed into an array for spatially coherently power combining. The need for multiple levels of power
combining provides a trade off in terms of combining efficiency, heat dissipation, volume and co-design
from the transistor to the radiating aperture. Each power amplifier (PA) module can have varying levels of
power combining including device level within a monolithic microwave integrated circuit (MMIC) amplifier,
thin-film and waveguided power combining, and spatial power combining to achieve the desired ERP.

This thesis focuses on the design and analysis of millimeter-wave MMIC power amplifiers for high
effective radiated power (ERP) using three GaN research processes in development by the industry. W-band
PAs are presented and predict state-of-the-art output power. Analysis of power combining efficiency and
degradation in power combiners and phased arrays caused by GaN-on-SiC semiconductor process variations

is presented.
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CHAPTER 1

INTRODUCTION

CONTENTS
1.1  BACKGROUND AND MOTIVATION . . . . . . v v i vt e et e e e e e e e e e e e 1
1.2 THESIS ORGANIZATION . . . . v v vt e e e e e e e e e e e e e e e e e e s e e 5

1.1 BACKGROUND AND MOTIVATION

With the start of the Microwave and Millimeter-Wave Monolithic Integrated Circuits (MIMIC) Program
funded through the Defense Advanced Research Project Agency (DARPA) in the late 1980’s, extensive
efforts began in the development of high-yield and low-cost III-V semiconductor technology, specifically
GaAs monolithic microwave integrated circuits (MMIC) [8,9]. Success in the program led to advancements
in the infrastructure needed for MMIC computer aided design (CAD) software, integrated circuit fabrication,
and testing up through 110 GHz. High performing 0.1 um pseudomorphic InGaAs high electron mobility
transistors (HEMT) process developed under the program allowed a path for millimeter-wave solid-state
systems operating at W-band with various front-end MMICs [10, 11]. For example in [12], a passive
millimeter-wave camera system demonstrated a first MMIC-based imaging system combining 1040 MMIC

chips operating at 89 GHz with a 15° x 10° field-of-view. These developments quickly found their place in
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Figure 1.1: Output power for vacuum and solid-state sources versus frequency for various technologies. [2,3].

commercial and defense industry ranging from airborne and ground-based radars, satellite communications,
to missile terminal guidance phase decoys, many of which still remain GaAs-based systems due to the
robustness offered by the technology.

Due to the large success of the MIMIC Program, further government sponsorship led to the start of
new programs targeting high transmitting solid-state power such as the Microwave and Analog Front-End
Technology (MAFET) Program [13]. High-power microwave and millimeter applications requiring hundreds
to thousands of watts required bulky vacuum tubes with the desire to close the power gap between vacuum
and solid-state in Fig. 1.1. The program faced challenges in developing high-efficiency solid-state coherent
power with reduced size, weight, power and cost (SWaP-C). The outcome brought forth new, innovative
techniques in spatial power combining using GaAs technology where traditional binary corporate combining
became limited by loss [14]. At 61 GHz, a 16x17 lens array using a total of 272 GaAs MMIC elements,

achieved a total of 36 W [15].



1.1.1 CURRENT MILLIMETER-WAVE APPLICATIONS

Millimeter-wave applications above K,-band have become increasingly important for both the military and
commercial sector. With the overcrowded spectrum at lower microwave frequencies, more systems are
demanding the use of unlicensed spectrum space at V-, W-band and beyond, with for example V-band 5G
allocations in the 57-64 GHz and 64—71 GHz unlicensed bands [16, 17]. High data rate communication
systems operating at 92 GHz and achieving 6.5 Giga-bits-per-second (Gbps) with quadrature amplitude
modulation (QAM)-128, have been demonstrated in [18]. Data communications for wireless links are
requiring frequencies greater than 75 GHz to achieve high data rates up 80 Gbps with 16-QAM signals [19].
Scalable W-band phased arrays using silicon technology have been demonstrated for automotive radar,
imaging and communication in [20-22], while a 3-D imaging 100-GHz MIMO FMCW radar is investigated
in [23].

With the research interest at the turn of the century bringing wide band-gap semiconductor research
into motion, technologies such as Gallium-Nitride (GaN) [4,24,25] and the continuing Indium-Phosphide
(InP) [26,27] have been pushing high-frequency performance with operating frequencies in the hundreds of
GHz, and InP reaching a cutoff frequency of 1 THz [28].

Research efforts continue in reducing the SWaP-C of millimeter-wave systems for current commercial
and military demands. Recent government sponsored programs such as DARPA’s Compound Semiconductor
Materials on Silicon (COSMOS) and Diverse Accessible Heterogeneous Integration (DAHI) aim to provide
efforts in highly integrated front-ends to provide the most desirable qualities from each [1]. Integration
between low-noise InP for receive, high-power density of GaN for transmit, and highly dense mixed-signal

capabilities of Si technology would provide capability for high integration systems on a single platform.

1.1.2 HicH-PowER AcCTIVE ARRAY TRANSMITTERS

The challenge of high power transmitters with efficient power combining faced in the GaAs era still remain
today. The general challenges for W-band high-power solid-state transmitters are achieving high effective

radiated power (ERP) in a small footprint and with reasonable efficiency. Ultra-high power vacuum tubes



have been demonstrated to generate several hundreds of kW at W-band [29, 30]. Producing comparable
W-band power using solid-state is challenging the highest published solid-state W-band amplifier producing
20W. Recent advances in GaN technology with cutoff frequencies f; > 150 GHz [24,31-34], achieve power
densities as high as 3 W/mm at W-band. Using these state-of-the-art large bandgap semiconductor processes,
many front-end compatible W-band MMICs have been demonstrated, e.g. [35-39]. One of the most notable
MMICs [40] demonstrated peak output power levels and efficiency of 3.6 W and 12%, respectively.

For very high-power applications, such as ground-based active denial systems, many amplifiers are
combined and feed an array of antennas [41]. The transmitter spatially coherently combines 8,192 >1W
GaN-on-SiC HEMT MMIC PAs with PAE >20% around 93 GHz. The output powers of eight MMICs
are combined into a greater than 7 W sub-module, and these are then combined into 100 W unit blocks,
with an ultimate 6.8 kW output radiated power. This approach is modular and therefore scalable, with high
demonstrated power-combining efficiency.

For a solid-state W-band high-power source, coherent power combining of thousands of individual
MMIC PAs is required with several levels of circuit combining and final free-space combining in the antenna
array. The need for multiple levels of power combining provides a trade off in terms of combining efficiency,
heat dissipation, volume and co-design from the transistor to the radiating aperture. Figure 1.2 shows power
combining progression of a planar active array. Each PA module can have varying levels of power combining

including device level within a MMIC amplifier, thin-film and waveguided power combining, and spatial

Table 1.1: Material Properties and Circuit Maturity of Various Semiconductor Technologies [1]

Parameter Why? Unit Si GaAs InP GaN
Electron Mobility ~ Carrier Velocity ~ 10°cm?/V -s 1.4 8.5 12 <1
Vpeak Transit Time 107 cm/s 1 2 2.5 2.5
Esx Voltage swing 10° cm/sec 3 4 4 40
E, Charge Density eV 1.12 1.42 0.74 34
K Heat removal W/cm - K 1.3 0.5 0.68 3.7
Maturity Circuit complexity - Excellent Good Adequate Limited
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Figure 1.2: Various levels of power combining from device to spatial level.

power combining to achieve the desired ERP.

1.1.3 StATE-OF-THE-ART W-BAND POWER AMPLIFIERS

Millimeter-wave transmitters in the 75-110 GHz W-band have to date been demonstrated extensively in
silicon, where the output power is limited to tens of milli-watts with various stacked architectures used to
increase the output power, e.g. [42]. InP can also produce this power level at W-band with over 40% power-
added efficiency [43]. For higher output powers, GaN has shown record power densities of 6.5 W/mm? [44],
with foundry processes demonstrating close to 1 W in a few GHz bandwidth, e.g. [45]. Figure 1.3 illustrates

the current state-of-the-art published GaN MMIC PAs with performance summary given in Table 1.2.

1.2 THEsIS ORGANIZATION

The work presented in this thesis aims to answer what is achievable for wideband, high power W-band
transmitters with the current state-of-the-art in millimeter-wave GaN-on-SiC semiconductor technology.
Designs for various MMIC PAs are followed by an analysis of combining efficiency for high ERP transmitters,
taking into account fabrication variations of GaN process in development. The content of each of the chapters

are as follows:
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Figure 1.3: Output power versus frequency for state-of-the-art MMIC at W-band.

Table 1.2: Published GaN MMIC Power Amplifiers at W-Band

Reference Peak Output Power (W) Bandwidth (GHz) PAE (%) Chip Size (mm?)

(6] 3 75-100 12 54x2.75
[38] 1.2 91 20 25x09
[38] 1.7 91 11 29x1.6
[46] 0.5 70-75 10 35x L.75
[47] 0.842 83-92 14.8 -
[45] 1.5 92-96 17.8 -

Chapter 2: Three state-of-the-art GaN-on-SiC millimeter-wave research processes are introduced; Qorvo’s
GaN09 90 nm V-band I'-gate and W-band T-gate processes, and HRL’s T3 40 nm process. Process
metrics and performance based off of non-linear EEHEMT and Angelov transistor models for each

process are presented. Steady-state thermal analysis for each of the processes will be summarized.

Chapter 3: Two W-band power amplifier designed in single-ended and balanced configuration are presented

using Qorvo’s GaN(09 I'-gate V-band process. The shortcomings in using transistor technology above



its designated operating frequency will be presented. Use of primary distributed matching techniques

on a W-band MMIC design and compact biasing method will be shown in the designs.

Chapter 4. Two W-band power amplifier designs in balanced and serially configuration are presented
using Qorvo’s GaN09 T-gate W-band process. A look at the designs using state-of-the-art passive
processing for the use of quasi-distributed MMIC designs to decrease MMIC footprint at W-band will
be presented. An investigation of improved combining efficiencies through modeling of Lange couplers
at millimeter-wave frequencies is presented. Additionally, stability design considerations in the design

of millimeter-wave PAs is presented.

Chapter 5: The design of a full W-band MMIC power amplifier using HRL’s T3 40 nm process will be
presented. A unit power amplifier in balanced configuration predict the widest bandwidth and highest

power using solid-state technology.

Chapter 6: With the need for power combining in high-power transmitter, an investigative look of power
combining for on- and off-chip is done. The analysis of efficiencies distributed from the device level, on-

chip reactive in-phase parallel combining, on-chip PA architecture, and off-chip corporate combining.

Chapter 7: A system level analysis for W-band spatial power combining is presented with the goal in
achieving kW ERP at W-band. The analysis of combining efficiencies from Chapter 6 is extended to
spatial power combining of variations presented in Chapter 6. Results of a 4x1 linear waveguide horn

array at W-band is presented with analysis for a planar array.

Chapter 8: Finally, the thesis concludes with conclusions, thesis contributions, and recommendations for

future work.
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2.1 INTRODUCTION

Until recently, primary device technology of choice at millimeter-wave frequencies have been AlGaAs/InGaAs
and InP HEMTs due to their decades of research and development resulting in process maturity. Government
sponsored programs such as the DARPA’s Nitride Electronic Next-Generation Technology (NEXT) program

have brought forth high performing GaN devices with gate lengths down to 20 nm though aggressive device



scaling, achieving an fr in excess of 300 GHz [24,51,52]. When placed on a SiC carrier substrate, GaN
HEMT transistors provide capability for achieving high power, higher breakdown voltage, with the advantage
of a high thermal conductivity.

This chapter presents three different research processes that are currently in development by the industry
at Qorvo and HRL, for millimeter-wave operation. In Section 2.2, a brief background on GaN HEMT devices
at millimeter-wave frequency is summarized. Section 2.3 introduces two Qorvo 90 nm GaN processes based
off of the GaN(9 I'-gate and T-gate structure. Section 2.4 introduces HRL’s 40 nm process based on T-gate
structure. Section 2.5 presents a thermal analysis for GaN-on-SiC devices. Finally the chapter concludes

with a summary of the processes presented.

2.2 GaN HEMT DEevVICcEs

Due to GaN’s wide band gap, it has been the chosen technology for power amplifiers from RF to millimeter-
waves. The high breakdown voltage and high drain-source voltage allows for higher power densities to be
achieved. In Fig. 2.1, a stack-up for a depletion-mode AIGaN/GaN HEMT transistor on SiC substrate is
shown. The typical stack-up of HEMT transistor is formed by using 5 layers; cap, barrier, channel, barrier,
and carrier substrate. Each provide specific function for the design of high performing HEMT devices. In
many cases for III-V semiconductors, an additional thin layer placed between carrier substrate and barrier

layer is used to provide lattice match to improve mechanical stability between the two.

2.2.1 SHORT-CHANNEL HEMT DEVICE SCALING

Efforts in improving transistor performance are achieved by investigating fr and fi.x for the device, given

by,

8m

= (Cas + Caa)

2.1)
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Figure 2.1: GaN HEMT transistor stack-up for D-mode device.
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For example, improving the the g, and reducing parasitic capacitance of Cgs and Cgq Will improve fr and

Jmax = (2.2)

Jfmax [53]. Horizontal scaling provides a reduction in transit time across the channel between the source-drain
which is important in increasing the frequency of operation of the transistor. The trade-offs with horizontal
scaling are reduction in the breakdown voltage caused by the high field between the gate and drain terminals
and an increase in the series resistance of the gate [53].

Advanced, heavily scaled HEMT transistors at millimeter-waves have been demonstrated in recent years
[4,24,52]. From Eq. (2.2), reductions in device resistances at the source and drain provides improvements in
Jmax. Device scaling of L increases the R, of the device which is mitigated by using a "cap" like structure on
the gate contact which forms the "T" shape of the device. Gate recess into the AlGaN barrier additional helps
improve charge control in the active region, increasing the modulation efficiency that is described in [54].
Additional reduction in R improves the fi,ax of the device. In [4] and [52], recessed ohmic contact regrowth

for the GaN n* cap places the source and drain contact closer to the 2DEG region therefore reducing series

10



resistance at the S-D terminals.

2.2.2 GAN HEMT MobELs

One of the primary limitations on performance of GaN devices are the trapping effects that have become
ubiquitous in literature and a field of research in itself. This limitation causes reduction in the maximum
current that results in a reduction of output power of amplifiers and cause reduction in Gy, over its DC value
known as dispersion. This limitation is propagated to the accuracy of large-signal models that are used in
the design of MMIC power amplifiers. On-going research for accurate modeling of GaN HEMT transistors
continue with methods such as double-pulsed /-V measurements in [55]. The two most accepted models
used are Keysight’'s EEHEMT model based on [56] and Angelov model [57], that will be used for Qorvo and

HRL, respectively.

2.3 Qorvo GANO09 90 NnM ProcEss TECHNOLOGY

The W-band MMIC:s presented in Chapter 3 and Chapter 4 are designed in Qorvo’s GaN09 90 nm I'-gate and
T-gate GaN-on-SiC HEMT research process. Over recent years, Qorvo’s developments in active processing
of HEMT devices have fr > 140GHz for V-band and W-band operation, that enable millimeter-wave
PAs [31,58]. Improvements in fr for the I'- and T-gates by reducing parasitics are shown in Fig. 2.2, with
device parameters in Table 2.1. The Qorvo 90 nm technology uses an AIN/GaN epitaxial material growth
structure in both I'- and T-gate configuration. Scanning electron microscope (SEM) image for the I'-gate is
shown in Fig. 2.3 and gate structures for three generations of GaN09 are shown in Fig. 2.4.

The GaN HEMT technology utilizes internal-internal-source (ISV) and is processed on 50 um SiC
substrate. This transistor configuration provides advantages for stability, heat, and reduction in source
inductance. The active technology is compatible with current state-of-the-art passive processing using
the Qorvo 3-Metal-Interconnect (3MI) layer processing that provides tantalum-nitride (TaN) resistors and
various metal-insulator-metal (MIM) silicon nitride (SiN) capacitor configurations. Most notably, the 3MI

process provides capability for small capacitors-over-vias (COV), to be used for impedance matching at

11



Table 2.1: Qorvo GaN09 90 nm Process [Courtesy: Qorvo]

Parameter I'-Gate T-Gate GENI T-Gate GENII

Cgs (pF) 0.172 0.098 0.102

Cqa (PF) 0.029 0.016 0.016
DC Gp (mS/mm) 700 650 850
RF G (mS/mm) 628 441 673

160 ] ] ] ] ] ] ] ] ]
150 .
140
130
120
110
100
90
80
70
60

fr (GHz)

- |9 T-Gate GEN I1 © T-Gate GEN1 ¥ T'-Gate GEN I 7

5 6 7 8 9 10 11 12 13 14 15
Drain Voltage (V)

Figure 2.2: Cutoff frequency versus drain voltage for Qorvo GaN(09. [Courtesy: Qorvo]

millimeter-wave frequencies. Further details on passive processing will be described in the following

chapters.

2.3.1 GANOQO9 I'-GATE PERFORMANCE

The Qorvo GaNO09 I'-gate devices can operate at V-band. The device is modeled using a non-linear, EEHEMT
model for a 4-finger, N = 4, and gate width, Wg = 40 um, 4x40 um transistor. The /-V curves scaled for
current density are plotted in Fig. 2.5. The device model was validated at 85 GHz which will be used as
the frequency of analysis for subsequent non-linear performance. The device is intended to operate at a

drain voltage, Vps = 15 — 18 V with drain current density, Ips,dens, 0f 200 mA/mm, corresponding to a drain

12



Figure 2.3: SEM for HEMT transistor structure on Qorvo GaN09 I'-gate process.[Courtesy: Qorvo]

(a) (b) (©

Figure 2.4: SEM images for Qorvo GaN(9 process for (a) I'-gate, (b) T-gate GEN I, and (c) T-gate GEN II.
[Courtesy: Qorvo]

current Ip = 32 mA. Peak drain current density at the knee is shown to be 500 mA/mm.
Load-pull of non-linear devices is simulated using commercially available microwave CAD software,
AWR’s Microwave Office [59]. The procedure for load-pull is to first provide the source termination for

gain match given by ['soyree = For the 4x40 um transistor, the reflection coeflicient of conjugate gate

gate*
impedance is [source = 0.82/178°. Once matched at the gate, load-pull for maximum output power and
PAE is completed. Figure 2.6 and Fig. 2.7 show the load-pull results for maximum output power and PAE,
respectively, Pouymax = +25.54dBm at peak PAE with a T'ope = 0.852£123.3°. The maximum PAE of the

device is 27.3 % with a I'op = 0.83£120.7°.
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Figure 2.5: Simulated /-V curves for Qorvo GaNQ9 I'-Gate 4x40 um EEHEMT transistor. The peak drain
current density is 500 mA/mm at a threshold voltage, Vi = 2 V.

> o3
Output Power (dBm)

Figure 2.6: Simulated load-pull contour plots for maximum output power at 85 GHz using Qorvo GaN09
I'-Gate 4x40 um EEHEMT transistor. The source is terminated with the reflection coefficient of conjugate
gate impedance, [source = 0.82£178°. The maximum output power is +25.54 dBm at peak PAE with a
Fope = 0.85£123.3°
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Figure 2.7: Simulated load-pull contours for maximum PAE at 85 GHz using Qorvo GaN09 I'-Gate 4x40 um
EEHEMT transistor. The source is terminated with the reflection coefficient of conjugate gate impedance,
Fsource = 0.82£178°. The maximum PAE is 27.3 % with a T'opy = 0.832120.7°.

30 T T T T T T T T T T T T T T 40
275} i
52| [ =P —Gain(@B) —PAE 135
@ 225} 430
< 20
£ i {25 _
E175f - S
ré? 15+ 420 m
I . <
) 121‘(5) I 115 &
£ 75 110
5L -
25 / 15
() 1 1 1 1 1 1 1 1 1 1 1 1 1

0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Pin(dBm)

Figure 2.8: Simulated Py, Gain, and PAE at 85 GHz for the Qorvo GaN(09 I'-Gate 4x40 yum EEHEMT
transistor. The output power is +25.54 dBm at peak 26.3 % PAE with a gain of 5.69 dB.

15



900 . : . : .
800 | -
700
600
500 - -
400 - i
300
200
100

Drain Current (mA/mm)

|

0 5 10 15 20 25 30
Drain Voltage (V)

Figure 2.9: Simulated I-V curves for Qorvo GaN09 T-Gate 4x40 um EEHEMT transistor. The peak drain
current density is 737 mA/mm at a threshold voltage, Vi, = 8 V.

2.3.2 GANOQ09 T-GATE PERFORMANCE

While the Qorvo GaNO09 I'-gate is well suited for V-band PAs, the T-gate process is capable of W-band
operation. Similar to the I'-gate, the device is simulated using a non-linear EEHEMT model for a 4x40 um
transistor. The I-V curves scaled for current density are plotted in Fig. 2.9 showing peak drain current density
at the knee of 700 mA/mm. The device model was validated at 95 GHz which will be used as the frequency
of analysis for subsequent non-linear performance. The device is intended to operate at a lower drain voltage,
Vbs = 13V with a lower drain current density, Ips gens, of 150 mA/mm, corresponding to drain current of
24 mA for a 4x40 um device. Though the T-gate device can operate at much higher frequencies, its lower
breakdown voltage limits the output power of the device as will become evident with load-pull results.
Load-pull for the 4x40 um are done with a source termination of I'soyrce = 0.772176.8°. With the gate
gain matched, load-pull for maximum output power and PAE is completed. Figure 2.10 and Fig. 2.11 show
the load-pull results for maximum output power and PAE, respectively. The maximum output power is
+22.24 dBm at peak PAE with a I'opy = 0.75/116.2°. The maximum PAE of the device is 33.69 % with a

Topt = 0.802118°.
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Figure 2.10: Simulated load-pull contours for maximum output power at 95 GHz using Qorvo GaN09 T-
Gate 4x40 um EEHEMT transistor. The source is terminated with the reflection coefficient of conjugate
gate impedance, [source = 0.77£176.8°. The maximum output power is +22.24 dBm at peak PAE with a

Fope = 0.75£116.2°.

-

Figure 2.11: Simulated load-pull contours for maximum PAE at 95 GHz using Qorvo GaN09 T-Gate 4x40 ym
EEHEMT transistor. The source is terminated with the reflection coeflicient of conjugate gate impedance,

Fsource = 0.77£176.8°. The maximum PAE is 33.69 % with a Iy, = 0.802118°.
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Figure 2.12: Simulated P,y, Gain, and PAE at 95 GHz for the Qorvo GaN09 T-Gate 4x40 um EEHEMT
transistor. The output power is +22.24 dBm at peak 32 % PAE with a gain of 5.67 dB.

(a) (b)

Figure 2.13: HRL’s technology for GEN-II (T2) and GEN-III (T3) [4]. SEM images for T2 and T3 which
show different n*-GaN cap configuration.

2.4 HRL T3 40 nm ProcEss TECHNOLOGY

The HRL processes are well documented in the literature, e.g. [4,24,60-62]. This section will present the
large-signal performance for the HRL T3 process. In Fig. 2.13, the evolution from the T2 to the T3 process
shows the recessed n*-GaN cap layer in direct contact with the 2DEG layer. As a result, reductions in the
contact resistance from T2’s 0.082 Q - mm to T3’s 0.059 Q - mm is shown in Fig. 2.14. Transistor scaling for
the T3 process achieves an f1/ fnax of 200 GHz/400 GHz with a breakdown voltage, Vi > 40 V. The process
is intended to operate at a drain voltage, Vps = 12V with drain current density, /ps dens, 0f 150 mA/mm,

corresponding to Ip = 22.5 mA for a 4x37.5 um device.
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Figure 2.14: Recessed n*-GaN cap in T3 (a) provides reduction in contact resistance (b),(c), resulting in
higher fr. [4]
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Figure 2.15: Simulated /-V curves for HRL's T3 4x37.5 yum Angelov transistor. The peak drain current
density is 125.6 mA/mm at a threshold voltage, Vi =2 V.

The device is modeled using a non-linear Angelov model for a 4x37.5 um transistor. The I-V curves
scaled for current density are plotted in Fig. 2.15 showing peak drain current density at the knee closer
to 125 mA/mm. It is worth mentioning here Angelov’s model to capture current collapse at the knee of
the I-V curves over the EEHEMT behaviors in Fig. 2.5 and Fig. 2.9, that show a more pronounced "knee"
behavior on the I-V curves. As a result, the Angelov is a better predictor of large-signal output power over
the EEHEMT models.

Load-pull for the 4x37.5 um are done source termination of I'souree = 0.722174.6°. With the gate gain

matched, load-pull for maximum output power and PAE is completed. Figure 2.16 and Fig. 2.17 show
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Figure 2.16: Simulated load-pull contour plots for maximum output power at 95 GHz using HRL’s T-
Gate transistor with an Angelov 4x37.5 um transistor models. The source is terminated with a reflection
coefficient of conjugate gate impedance, ['souree = 0.722174.6°. The maximum output power of the device
yields +23.94 dBm at peak PAE with a T'ope = 0.652112°.

the load-pull results for maximum output power and PAE, respectively. The maximum output power is
+23.94 dBm at peak PAE with a I';pe = 0.65/112°. The maximum PAE of the device is +27.22 % with a

Lope = 0.80£118°.

2.5 THeErRMAL ANALYSIS OF GAN HEMT DEVICES

Thermal analysis is important for GaN devices. Operating at high channel temperatures can decrease the
mean time to failure (MTTF). Accurate measurements of channel temperature require techniques such as
Raman spectroscopy and thermal microscopy, e.g. [63]. Analysis of channel temperature can be done with
finite element (FEM) thermal solvers such as ANSYS Mechanical [64], and analytical approximation models
for the thermal resistance based on transistor stack-up [65,66].

In [65], accurate predictions of junction temperatures for AlGaN/GaN HEMT transistors were presented
and validated with measurements in open literature, with improved accuracy over older models such as the
Cooke model [67]. This section presents a thermal analysis based off the analytical approximation presented

in [65] and steady-state FEM thermal analysis using [64] for feature sizes of state-of-the-art millimeter-wave
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Figure 2.17: Simulated load-pull contour plots for maximum PAE at 95 GHz using HRL’s T-Gate transistor
The source is terminated with a reflection coefficient of
conjugate gate impedance, [souree = 0.72£174.6°. The maximum PAE of the device is 27.22 % with a
Fope = 0.73£113°.
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Figure 2.18: Simulated Py, Gain, and PAE at 95 GHz for HRL’s T3 T-Gate transistor performance using
Angelov 4x37.5 yum transistor models, showing an output power of +23.94 dBm at peak 26.2 % PAE with a
gain of 4.94 dB.
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Figure 2.19: General layout of a 4-finger transistor device with internal source vias (ISV) in (a) and without
ISV in (b).

processes such as those presented in Section 2.3 and Section 2.4. Figure 2.19 shows two typical layouts
implemented for transistor layouts. In Fig. 2.19 (a), ISV are used for symmetrical operation of device at each
finger. Alternatively, the configuration used in Fig. 2.19 (b) uses vias placed only externally at each ends are
also used.

The stack up of a AlGaN/GaN on SiC device for the computation of the thermal resistance, Oy, is
shown in Fig. 2.20. The thermal conductivity values used for SiC, GaN, and gold are ks;c = 3.3 W/cm - K,
kgany = 1.5W/cm - K, and kay = 315 W/m - K, respectively. In Fig. 2.21, parameters substrate thickness,
gate length (L), gate width (Wy), gate spacing (Sg), are scaled to solved for the thermal resistance of a device.
Figure 2.21(a)-(d) shows scaling in gate width provides a faster drop off in thermal resistance over all other
parameters. Unfortunately, increasing the gate width on the order of a 100 um increases the input resistance
of the device.

A comparison is presented here between analytical approximations and steady-state thermal analysis using
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Figure 2.20: Cross-section stack up of a AlGaN/GaN on SiC device for thermal simulations. Thermal con-
ductivity for SiC, GaN, and gold are ksic = 3.3 W/cm - K, kgan = 1.5W/em - K, and kay = 315W/m - K,
respectively.

geometry of a Qorvo GaN(Q9 transistor with and without ISV. Figure 2.22 shows the lines of symmetry used
for the adiabatic boundary conditions which restricts heat flux through the walls of the model. This boundary
conditions forms a symmetry plane such that the two half fingers are operating in 4-finger environment. The
base of the SiC substrate where the ground metallization will form thermal contact with packaging has the
boundary conditions include a constant temperature of 7, = 22 °C. Thermal excitation with an equivalent
power flux of 0.12 W per finger are placed at the interface between the gate and GaN boundary. The 0.12'W
per finger corresponds to DC conditions of Vps = 15V and Ips gens = 200 mA/mm for the Qorvo GaN09
I'-gate. Thermal convection and radiation is assumed to be negligible and neglected at the top surface, as is
typically assumed for stagnant air.

Figure 2.23 shows the steady-state thermal FEM simulation of a 4x40 um device with and without
ISV spacing. In Fig. 2.23(a), a single-finger model results in a Tyax = 62.69 °C. In Fig. 2.23(b) and (c),
maximum thermal temperature is reduced from T, = 59.65 °C to Thax = 54.74 °C for without and with
ISV, respectively. Results of the FEM simulations compared to analytical approximation model in [65] are

shown in Fig. 2.24, with results summarized in Table 2.2.
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Figure 2.21: Thermal resistance value for various parameters based on modern semiconductor processes:
(a) Swept parameters for gate length, L,, and gate width, W,, with gate spacing, S, = 15 um, and substrate
thickness, fsic = 50 um. (b) Swept parameters for gate spacing, S, and gate width, W, with gate length,
L; = 40 nm, and substrate thickness, fsic = 50 um. (c) Swept parameters for substrate thickness, sic, and
gate length, W,, with gate spacing, S; = 15 um, and gate length, L, = 40nm. (d) Swept parameters for
substrate thickness, fs;c, and gate spacing, Sq, with gate length, L, = 40 nm, and gate width, W, = 40 um.
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Figure 2.22: Cross section of FET transistor showing finite element simulation boundaries for ISV in (a) and
external source vias in (b).

Table 2.2: Summary of Device Thermal Simulation

Base Temp. Channel Temp. Thermal Resistance

§®) O (°C/W)
Single-Finger 22 62.69 339
External Source Vias 22 59.65 314
Internal Source Vias 22 54.76 273
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Figure 2.23: Finite element simulations for four-finger, L, = 40 um device. Boundary conditions include:
constant temperature of 7, = 22 °C at the base of the SiC substrate, adiabatic boundaries on side walls of
model, half plane at the middle of the finger, power flux of 0.06 W per half-finger corresponding to DC
conditions of Vps = 15V and Ips, dens = 200 mA /mm for the Qorvo GaN09 I'-gate. Thermal convection and
radiation is assumed to be negligible and neglected at the top surface.
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Figure 2.24: Channel temperature versus device power for various base temperatures.

2.6  SuMMARY OF PROCEss TECHNOLOGY

A summary for the three processes described in this chapter is shown in Fig. 2.25, Fig. 2.26, and Fig. 2.27.
Figure 2.27 shows the Qorvo GaNO09 I'-gate process having a higher power density over GaN09 T-gate and
HRL’s T3 for frequencies below 105 GHz. HRL’s T3 process shows higher output power across all of W-band
compared to the Qorvo GaN(09 T-gate process, but the latter has improved gain over the band. A summary
of optimum loads for output power and PAE are given in Table 2.4 with associated large-signal results given

in Table 2.3.
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Figure 2.25: Output power, Py, and PAE comparisons over W-band for Qorvo GaNO09 I'-gate and T-Gate,
and HRL T3 processes.
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Figure 2.26: Large-signal gains at optimum power match and peak PAE comparisons over W-band for Qorvo
GaN(Q9 I'-gate and T-Gate, and HRL T3 processes.
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Figure 2.27: Power density at optimum power match and peak PAE comparison over W-band for Qorvo
GaN09 I'-gate and T-Gate, and HRL T3 processes.

Table 2.3: Summary of Millimeter-Wave Processes Optimum Source and Load I

Maximum Optimum Optimum
Gain Output Power PAE
Process Lsource Fopt Lopt

Qorvo GaN09 I'-gate! ~ 0.82/178°>  0.85,123.3°  0.83£120.7°
Qorvo GaN09 T-gate> 0.77/176.8° 0.75/116.2°  0.80/118°
HRL T3 Process’ 0.722£174.6°  0.652112° 0.732113°

I pout, PAE, and Gain based off 4x40 pm device model at 85 GHz.
2 Pout, PAE, and Gain based off 4x40 um device model at 95 GHz.
3 Pout, PAE, and Gain based off 4x37.5 um device model at 95 GHz.
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Table 2.4: Summary of Millimeter-Wave Processes Large-Signal Metrics

Vbs IDS,dens P out,dens Pyt PAE Gain

Process (V) (mA/mm) (W/mm) (dBm) (%) (dB)

Qorvo GaN(09 I'-gate! 18 200 2.24 2554 263 5.69
Qorvo GaN09 T-gate”> 13 150 1.05 2224 32 5.67
HRL T3 Process? 12 150 1.67 2394 262 494

I pyut, PAE, and Gain based off 4x40 um device model at 85 GHz.

2 Pout, PAE, and Gain based off 4x40 um device model at 95 GHz.

3 Pout, PAE, and Gain based off 4x37.5 um device model at 95 GHz.
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The W-band amplifiers summarized in Chapter 1 in Fig. 1.3 and Table 1.2 are considered currently
the state-of-the-art for GaN millimeter-wave MMIC PAs. From Fig. 1.3, the benchmark for power density
has been set by [6] using HRL's T2 process for highest power of 3 W peak power with broadest operating
bandwidth. For highest W-band efficiency, the design presented in [38] show a peak PAE of >20% with a
narrow frequency of operation at 91 GHz using Raytheon’s GaN-on-SiC process.

This chapter presents two W-band power amplifiers designed in single-ended and balanced configurations
using Qorvo’s GaNQ9 I'-gate research process that is designated for V-band (40 - 75 GHz) operation.
The active devices presented in Section 2.3 are embedded into Qorvo’s existing 3MI passive processing

[31, 58] and summarized in Fig. 3.1. In Section 3.1, the unit solid-state PA (USSPA) is presented with



Air Bridge

Au  Metal-2
Au Metal-1

Au Ground

Figure 3.1: Qorvo 3MI process stack-up includes passive processing for microstrip operation containing three
separate usable metallization. Process includes backside source vias, SiN dielectric layer for MIM capacitors,
and TaN resistors. Additional capability for SiN processing over backside vias to form capacitors-over-vias.
For GaNO09, a SiC substrate thickness of 50 um for millimeter-wave circuits is used. (Figure not to scale).

and subsequently used in two PA configurations. The design focuses on achieving maximal output power
while using primarily distributed matching techniques and a compact biasing method in W-band. The
shortcomings in using device technology above its designated operating frequency are presented and a brief
discussion on linear stability analysis. On-wafer measurements of the USSPA in single-ended configuration
are demonstrated. Section 3.2 presents the performance of the USSPA in balanced configuration with
measured on-wafer results. Finally, the chapter concludes in Section 3.3 with a summary and comparison of

the current W-band MMICs.

3.1 GANOQ09 I'-GATE POWER AMPLIFIER SINGLE-ENDED DESIGN

3.1.1 DesigN AND LAayouT

The designs presented here use the EEHEMT nonlinear models for a 4x40 um devices that have been
validated through measurements with performance given in Section 2.3.1 [68]. The device is load-pulled
in simulation and the drain impedance chosen for maximum output power for the MMIC designs. From
Fig. 2.8 in Section 2.3, the simulations for Pqy, gain and PAE versus P, at 85 GHz show a maximum output

power of +25.54 dBm with corresponding PAE of 26.3 %. For initial network design procedures, the input
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Figure 3.2: Approximate drain (a) and gate (b) equivalent circuits for device. This first-order approximation
neglects bilateral effects is sufficient for preliminary network design in multistage amplifiers.

and output are modeled as parallel RC for equivalent drain model and series RC for equivalent gate model as
shown in Fig. 3.2 (a) and (b), respectively. The optimal load reflection coefficient for maximum output power
given in Section 2.3.1 is Iy = 0.852123.3° for 4x40 um device, which corresponds to R, = 22.75Q - mm
and C, = 0.42pF/mm. The source reflection coefficient for maximum gain is given by the conjugate of
the gate reflection coefficient, I'source = 0.82£178°, that corresponds to an R of 5Q and Cs of 2.55 pF. The
gate values can also be given as densities, but as a note that though Cs scales with periphery, N - Wi, R
scales proportionally to Wg and inversely proportional to the number of fingers, N. For the 4x40 um device,
Ry =500Q/mm and Cs = 15.94 pF/mm.

The overall output power is proportional by the output periphery of the amplifier given by,

Poy = Periphery X P, device,dens. X Lcombiner = N X Wg X P device,dens. X Lcombiner 3.1

where periphery is the number of fingers (N) times the transistor gate finger width (Wg), Lcombiner iS the
combiner loss, and Pgevice,dens. 1S the output power density a technology is capable of achieving. Therefore,
the choice of output periphery is dictated by output power requirements. For the USSPA design presented in
this chapter, the primary design objective is to achieve state-of-the-art watt-level output power comparable to
the MMICs summarized in Table 1.2. An output stage using four 4x40 um devices will have a total periphery
of 640 um providing an output power greater than 1 W with a 2 W/mm power density of the GaN(09 I'-gate
process.

The choice of the number of stages before the output power stage is dictated by the required gain for
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Figure 3.3: Schematic for USSPA of GaN(9 I'-gate single-ended power amplifier design. Design is a 4-stage,
4-way power combined architecture with 1:1:1:1 drive staging using 4x40 ym transistors.
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Figure 3.4: Qorvo GaN(9 I'-gate 4-stage, 4-way power combined USSPA design. The low impedance lines
at input, interstages, and output combiner are used for matching.
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-

= Zin,2

Figure 3.6: Schematic for two transistor combiner using odd-mode resistor. When Zi, | # Zi, 1, a voltage
differential occurs with Vj oqq and V; 044, such that an oscillation may occur. Typically, Roqq is used to
dissipate the odd-mode.

the amplifier. Since each stage prior to the output stage operates at a lower efficiency, additional gain stages
contribute to the reduction in overall PAE. Therefore, it is desirable in many cases to limit the drive staging to
reduce the overall DC consumption of the amplifier. The two primary issues faced with this approach for the
GaN09 I'-gate design are the following. First, since the transistor operates above the designated frequency
range, the device gain is considerably lower, on the order of 2 dB, for a saturated transistor. This implies
that the stage prior to the power stage will also be heavily compressed by using a 1:1:1:1 drive staging.
Secondly, due to the limited availability of millimeter-wave load-pull measurements for non-linear device
modeling, typical models are extrapolated from lower frequency load-pull measurements around a certain
quiescent bias point and for a specific periphery. This implies that model validity is reduced when deviating
from modeled periphery and bias conditions. For the GaN09 I'-gate device, the transistor suffers from both
of these disadvantages. Therefore, a four stage with 1:1:1:1 drive staging using the 4x40 ym device at its
modeled condition is used. The architecture, shown in Fig. 3.3, will increase the overall saturated gain and
provide adequate compression of the output stage at the expense of PAE. The 1:1:1:1 drive staging offers the
added benefit of achieving wider bandwidths within the interstage matching without further decreasing the

periphery.

3.1.2 NETwWORK DESIGN AND MATCHING TOPOLOGY

One of the most important objectives in power amplifier design is achieving low loss at the output matching

and combining network. The combining efficiency are covered extensively in Chapter 6 and Chapter 7, but
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here focuses on the on-chip reactive output combining. On MMIC, the primary role of the in-phase, parallel
output combiner is to provide the reactive transformation from the optimum device impedance to 50 Q with
low loss and desired bandwidth. Millimeter-wave design methods for microstrip power combiners have been
proposed in [69], but provide a narrowband solution. The challenge in the design of millimeter-wave power
combiners is to obtain well-balanced impedance match at each of the combiner inputs for a broad frequency
range. Changes in the reflection coeflicient presented at the drain of the device become critical in maintaining
even-mode operation of the combiner. Excessive imbalances at the input port place additional demands on
the odd-mode resister placed between the transistors and contribute to added losses in the combiner. To
make matters worse, undesired modes may get excited and further provide imbalances in the amplifier. An
illustration is given in Fig. 3.6, for a two-way combiner.

An explanation on design issues for on-chip millimeter-wave power combiners is given next with per-
formance shown for the GaNQ9 I'-gate process. For the 4-way combiner used in the design, asymmetries
on the quarter-symmetry plane cause unequal current crowding on curved microstrip segments that result in
imbalances at the input of the combiner [70]. Current crowding compensation methods for MMIC designs
in [5] are suitable for frequencies up to K,-band, but these are ineffective above 50 GHz. In addition, the
low-impedance transmission lines that provide low-Q matching desireable for bandwidth add complexity
to the balance of the combiner. In W-band, asymmetries due to current crowding can excite undesired
modes. In Fig. 3.7 (a) and (b), the first segment of the output combiner is shown with and without the bend
placed after the combining node. The width, wy, that is set to approximately half of w,, is limited by the
extraneous modes from the asymmetries caused by the bend in the structure. The magnitude balance shown
over frequency presented in Fig. 3.7 (c), shows the extra mode being excited at approximately 100 GHz
with wp = 470 um, that corresponds wy = 0.47 A;. Reducing w; reduces the overall width of w, which
increases the turn on frequency that is shown with the w, = 350 um curve. Therefore, while the highest
characteristic impedance is set by fabrication processing and current handling, the lowest impedance usable
in millimeter-wave MMIC:s is set by the width at which undesired modes can be excited. For output combiner
presented here, this limit for usable microstrip transmission line impedance is Z, = [23,67] Q. The 4-way

combiner performance is shown in Fig. 3.8 with a even-mode transmission parameter, 7z, between -2.2 dB
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Figure 3.7: (a) Microstrip network for initial segment for the 4-transistor reactive combiner. (b) Microstrip
network with port 1 moved passed the bend. (c) Imbalances in magnitude for splitters, |S»1|/]|S31]| for initial
segment of combiner.
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Figure 3.8: (a) Output combiner layout for with output at port P1 and sources at ports P2, P3, P4, and P5.
Using symmetry, the input active even-mode reflection coefficients mirror about the center line such that
Ine =I5 = louter.e and 3¢ = 'y e = Tinnere- (b) Output combiner performance under even-mode operation
such that the active transmission, 7, and active reflection coefficient, I, are driven by synchronous sources.

and -1.29 dB for a frequency band 75-94.5 GHz. The active transmission parameter can be derived as in [71]
for even- and odd-mode operation. For even-mode, T, = (S12 + S13 + S14 + S15)/2, which assumes all sources
on ports 2, 3, 4, and 4 are driven in-phase. Similarly, the active reflection coefficient can be calculated as
Doutere = 822 + S23 + S24 + 825 and lippere = S33 + S32 + S34 + S35. The output 4-way power combiner is
optimized to achieve maximum output power and port balance by comparing the active reflection coefficient
such that A" = |Touter — inner| is minimized. A more rigorous approach to this method is continued in

Chapter 6 for the analysis of combiners.

3.1.3 Bias NETwoORK DESIGN

Biasing networks of multistage MMIC amplifiers can become space consuming. Large bypassing capacitors
and close coupling microstrip lines can take up excessive wafer space and contribute to additional stability
challenges. With a four-stage, four way amplifier, biasing gates and drains requires a total of 32 DC voltage
paths.

The bias line topology used in the I'-gate design utilizes multilayer MIM capacitors for voltage isolation
between drains and gates. In addition, the capacitor is formed as a distributed multilayer transmission line that

reduces the layout footprint. This topology with a single-sided chip biasing is compatible with the balanced
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Figure 3.9: Compact biasing of a 4-stage power amplifier. Using Qorvo’s 3MI process, a distributed capacitor
transmission line Ag/4 in length, provides isolation between gate and drain bias voltages with a bias bus to
inner transistors. (a) Feed method at node of distributed capacitor which carries V4 on top metalization and
Vi on lower metalization. The width of distributed capacitor is sized for current handling of drain current
for all 4 transistors per stage. (b) The bias network topology provides RF at top and inner side of USSPA for
symmetry while maintaining DC continuity.

configuration, presented in Section 3.2. Figure 3.9 shows the basic implementation for bias network design.
Using the capability of the Qorvo 3MI process, the gate voltage, V;, which carries negligible current, can be
placed on the lower metalization level. The drain voltage, Vg, which carries the current for all 4 transistors per
stage, can be placed on the thick top metalization. The length of the distributed multilayer transmission line
is sized to provide an RF open at the interstage matching network. To achieve this, the distributed multilayer
transmission line is approximately 1/4 in length, and its large capacitance provides an RF short between
the two metal conductors while isolating both drain and gate voltages. The network is mirrored across
the quarter-symmetry and thus provides RF half-symmetry across the center line of the MMIC. Though
desirable in the space constrained MMIC design, this technique does provide some disadvantages. Due to
the large series capacitance within the interstage, low frequency rejection for out-of-band gain is reduced

and contributes to unwanted out-of-band low frequency gain, discussed further in Section 3.1.4. To provide
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Figure 3.10: Method for stability using loop-gain is based on general feedback in (a) and calculation of the
By - Aol at the input of gain block, Ag). The gain block can be represented as any linear FET device with
a feedback network in (b) that includes; bias lines, other devices, matching network. A voltage controlled
current source (VCCS) injects current i} in a small-signal model of linear FET device for calculation of
By - A [5].

some mitigation for this unwanted frequency response, small capacitors are place in series with the gates

with a high RF impedance gate voltage tap to proved V; to the device as shown in Fig. 3.9(b).

3.1.4 METHOD FOR STABILITY ANALYSIS AND DESIGN ANALYSIS

3.1.4A STABILITY ANALYSIS INTRODUCTION

The methods for stability of MMIC power amplifiers are well documented in literature [72-77]. Applications
of some of these methods to MMIC design, e.g. [78], are adopted for designs presented here and in Chapters 4

and 5. In the initial design phase, the amplifier is checked by using Rollet’s stability criterion and observations
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of the input and output reflection coefficents of the amplifier such that |y oue| < 1. This method is valid strictly
only for single-stage amplifiers, observations for K < 1 provide good indications of possible instabilities
where further stability analysis may be needed.

Further in the design phase, a more rigorous loop gain analysis based on classical feedback theory,
defined by Ag = Ao/(1 = By - Aor) in Fig. 3.10(a) is used. The classical Barkhausen criterion designates
that if By - Ag = 1, the necessary conditions for an instability may occur [79]. Implementation of the
analysis is discussed in detail in [80] as return-ratio (RR), which is merely the inversion of 8 - Ao such that
RR = —Bf - Agl. The gain block in a MMIC can be represented as any single linear FET device with a
feedback network that includes bias lines, other devices, matching networks, and any other path that can be
lumped in a feedback network block as shown in Fig. 3.10(b). The benefit of this technique is that it does
not require any a priori knowledge on the feedback configuration of the transistor, only proper simulation of
suspected coupling mechanisms from output to the input [80]. As stated in [78], loop gain requires access
to a single injection current source that involves fitting a non-linear transistor to its small-signal equivalent
model. From Fig. 3.10(c), it is seen that this technique requires access to the dependent current source in
the intrinsic model of the transistor. Additional circuit elements such as a lossy transmission line, provide
further accurate modeling of the extrinsic parameters caused by the transistor manifolds of the gate and drain.

Internal I'-probes at each of the gates and drains are used to further analyze Nyquist stability by non-
invasive simulations of the amplifier [75,81]. Using commercially available MMIC CAD software such as
NI's AWR Microwave Office the Nyquist stability can be analyzed with built-in elements in the software. The
Nyquist internal stability solves for Gy = —I'; I';, which on a polar plot provides indication of instability with
encirclement of -1 in a clockwise direction. The criterion is derived from one-port oscillation conditions
of a component with impedance, Z;,, connected to a load with impedance, Z;, with incident wave, a,
such that the return wave is a;, = aylin/(1 — I'inI'L). When IjIL > 1, the 1 — I, I contributes to an
unstable growing signal of ap.. While the example given presents instability with +1 encirclement, internal
stability in NI’s AWR Microwave Office uses a multiplication by -1 such that Gy = —Ij, [, resulting in a
negative -1 encirclement for Nyquist criterion of instability. For simplicity in analysis, the stability index,

SI = -R(G) = R, I',), will also be used that presents a possible instability of greater than zero within a
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Figure 3.11: Stability circuits for millimeter-wave amplifier designs. Cgae nr before a large RC allows
bypassing of in-band frequencies, while the series Rgae, L F — Ceate, LF attenuates low frequencies. The drain
line provides an equivalent function by removing Ry F for the drain current path to reduce the dissipative
power on the bias line. Small DC blocking capacitors, Cpjock, are used to provide a high-pass response to
further reject low-frequencies. For instabilities either in-band or close to the design band, a small series gate
resistor, Roqe, stabilizes the transistor at the expense of gain.

90° phase margin.

3.1.4B DESIGN FOR STABILITY AND RESULTS FOR I'-GATE USSPA

Up to now the discussion has only involved the techniques used in the analysis for stability of MMIC PAs.
There are many circuit design techniques that are involved in ensuring amplifier stability. The high low-
frequency gain of millimeter-wave devices causes challenges in both even- and odd-mode stability and must
be addressed through careful design practices. The methods of analysis described in the previous section
are performed to guide stabilization networks for in- and out-of-band stability targeting different instability
issues. In addition, stability under process variations by increasing gny, by 30 %, decreasing Cgs by 30 % and
increasing Cgq by 30 % must also be accomplished.

Figure 3.11 show various methods that are used for stabilization. On the main gate bias line, resistive
bypassing is used to reduce low-frequency gain. Placing Cgue yr before a large RC bypasses the in-band
frequencies with a non-resistive small capacitor, while the series Rgage, FCeate,LF attenuates low frequencies.

Similarly, on the drain line the equivalent while removing Rgae Lr Off the drain current flow path to reduce
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Figure 3.12: Simulated (b) gm by 15 %, decreasing Cgs by 15 % and increasing Cgq by 15 %.

the dissipative power on the bias line. Small DC blocking capacitors, Cpjock, are used to provide a high-pass
response to further reject low-frequencies. For instabilities either in-band or close to the design band, a small
series gate resistor, Ry, stabilizes the transistor at the expense of sacrificing gain.

In Fig. 3.12, the wideband frequency response from 0-115 GHz is shown for [Sy1], |Si1], |S22|, and
K-factor. The K-factor for the complete amplifier is performed as initial stability analysis. Additionally, |Sy;|
and |$»,| are also analyzed across the whole wide band to ensure no frequencies have values greater than 0 dB.
The amplifier is further simulated under process variations which show the limits of stability of the USSPA
when increasing gn by 15 %, decreasing Cgs by 15 % and increasing Cyq by 15 %. The additional stability
metrics, Nyquist stability index and loop gain, are analyzed in Figs. 3.13 and 3.14 with and without process
variation. Both metrics predict the USSPA to reach instability when increasing gn by 15 %, decreasing Cg;
by 15 % and increasing Cgq by 15 % at approximately 16 GHz.

The instability of the USSPA under process variations was alluded to earlier in the chapter in Section 3.1.3.
The large series capacitance used for the bias lines within the interstage provided insufficient low-frequency
rejection for out-of-band gain under the process variations. The wideband frequency response showed gain
up to 20 dB at 16 GHz that proved to be a problematic region due to it being marginally stable without process
variation. The results suggest that it may not be sufficient to obtain low frequency stabilization by only a few
of the methods presented in Fig. 3.11, but require a composite of all to provide a band-pass response for the
a design to ensure low-frequency stabilization even under process variations. Therefore, a design requiring

significant out-of-band rejection requires the complete set of stability circuits shown in Fig. 3.11. The rigors
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Figure 3.14: (a) Nyquist internal stability at Q4 referenced to Fig. 3.4 with g, increased by 15 %, Cis
decreased by 15 % and Cyq increased by 15 %. Both, gate and drain ports, show clockwise encirclement of
-1 indicating instability with process variation. (b) Loop gain analysis at Q4 and Qg with process variation
show close encirclement of +1.

of this approach will be presented for the amplifier designs in Chapter 4 and Chapter 5.

3.1.5 SIMULATIONS FOR SINGLE-ENDED DESIGN

The layout for the complete single-ended W-band MMIC amplifier is shown in Fig. 3.15. Additional bias

routing to probe pads are placed on top side of the USSPA with resistors on the gate line at any crossover
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Figure 3.15: Layout for Qorvo GaNO09 I'-gate single-ended amplifier. Total chip size occupies 3.49x1.91
mm?.

points [5]. The total chip size for the single-ended design occupies 3.49x1.91 mm?. Simulation results for
Pout, Ggat, and PAE over frequency response of the single-ended amplifier with +18 dBm RF input power
are shown in Fig. 3.16, showing an output power of +29.6 dBm at 80 GHz and greater than +27 dBm over
76.6 GHz to 92.7 GHz. Results for Py, Gsat, and PAE versus Pj, at 85 GHz with +18 V drain supply and

200 mA/mm bias are shown in Fig. 3.17.

3.1.6 ON-WAFER MEASUREMENTS AND REVERSE MODELING

The fabricated single-ended amplifier is shown in Fig. 3.18. On-wafer small-signal measurements were
taken across the wafer. Due to the developing process, low yield resulted in small-signal gain lower than
predicted, by about 10dB. A comparison of simulated versus on-wafer measurements for |S»;|, |S1|, and
|S22] are shown in Fig. 3.19. Good agreement of the shape of the frequency response is shown for |S,;| and
|S11]. Reverse modeling is done using the small-signal FET model given Fig. 3.10(c) and the measured data

with simulations shown in Fig. 3.20. Degradation in |S>;| by approximately 10dB show equivalent gain
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Figure 3.16: Simulated frequency response for the single-ended MMIC with Pj, = +18 dBm under bias
conditions (Vp, Ips)= (18 V, 200 mA/mm) for the 4x40 yum transistors.
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Figure 3.17: Simulated Py, saturated gain and PAE versus Py, at 85 GHz of the single-ended MMIC design
at a 18 V drain supply voltage with 200 mA/mm drain current.
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Figure 3.18: Photograph of Qorvo GaN09 I'-gate single-ended amplifier for the layout shown in Fig. 3.15.

response by reducing the g, by 45%.

3.2 GaNO09 I'-GATE PowErR AMPLIFIER BALANCED DESIGN

3.2.1 DeEsiGoN AND LAayouT

One more level of power combining with Lange couplers in a balanced configuration increases the output
power and improves input/output return loss for a second MMIC PA at the expense of doubling the layout
area and DC consumption. The input and output return loss of the single-ended amplifier in Section 3.1 was
sacrificed to extend the bandwidth. At worst case, the input |S;;| reaches as high as -5 dB in simulation and
measurement. In many cases it may be required to protect the PA from mismatched loads and a balanced
amplifier accomplishes this. The general balanced amplifier architecture places the USSPA between two
hybrid, 3 dB couplers shown in Fig. 3.21.

The single-ended amplifier is used for the the unit amplifier and placed between two Lange hybrid
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Figure 3.19: Simulated versus measured for on-wafer Qorvo GaN(09 I'-gate single-ended amplifier for (a)
18211, (b) |S11], and (c) |S22|.
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Figure 3.20: Reverse modeling for GaN09 I'-gate single-ended amplifier. Simulation of |S,;| with 45%
lower g, show more approximated fitting to on-wafer probe measurements.

Unit SSPA =
Hybrid ’——B>——‘ %50 Q
RF;, |:> == == <:| RF..
50 Q% L_B>_f Hybrid
= Unit SSPA

Figure 3.21: Block diagram for a USSPA in balanced architecture. Hybrid typically designed using 3 dB
Lange couplers for bandwidth.

couplers. At W-band wavelengths a Lange coupler implemented with a length of 360 yum and finger width
of 5 um and finger spacing of 4 um provides 3 dB coupling over the 75-110 GHz band. The isolated resistor
for the output Lange combiner is sized to provide sufficient current handling under worst-case imbalanced
operation. The MMIC layout of the balanced amplifier is shown in Fig. 3.22 with a footprint of 3.98x3.76
mm?.

The simulated frequency response of the balanced amplifier with +21 dBm input power is presented in
Fig. 3.23, with an output power of +29.6 dBm at 80 GHz and greater than +27 dBm over +28 dBm output

power over 76.6 GHz to 92.7 GHz. The simulations predict greater than 1 W of power over 75 GHz to

93.5 GHz, with peak output power of 1.88 W at 79.75 GHz and peak PAE of 6% at 91.25 GHz. Input and
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Figure 3.22: Layout for Qorvo GaN09 I'-gate balanced amplifier. Total chip size occupies 3.82x3.68 mm?.
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Figure 3.23: Simulated frequency response for the balanced MMIC amplifier with +21 dBm RF input power
at (Vp, Ips)= (18 V, 200 mA/mm) for the 4x40 um transistors.
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Figure 3.24: Simulated Py, saturated gain and PAE vs. Pj, at 85 GHz of the balanced MMIC design at a
18 V drain supply voltage with 200 mA/mm drain current.

output return loss is improved with worst case return loss of 19.44 dB. Simulation results for Py, Giat
and PAE vs. Pj, at 85 GHz of the balanced PA with 18 V drain supply and 200 mA/mm bias are shown in

Fig. 3.24.
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Figure 3.25: Photograph of Qorvo GaN09 I'-gate balanced amplifier.

3.2.2 ON-WAFER MEASUREMENTS AND REVERSE MODELING

The fabricated balanced design is shown in Fig. 3.25 with on-wafer small-signal measurements taken across
the wafer for |S»1], |S11], and |S»2| shown in Fig. 3.26. Similar to the single-ended amplifier, the reverse
modeled balanced amplifier comparison using the small-signal FET model in Fig. 3.10(c) is shown in

Fig. 3.27 with reduced g, by 45%.
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Figure 3.26: Simulated versus measured for on-wafer Qorvo GaN(09 I'-gate balanced amplifier for (a) |S21],
(b) [S11], and (¢) [S22|.
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Figure 3.27: Reverse modeling for GaN09 I'-gate balanced amplifier. Simulation of |S;| with 45% lower
gm show more approximated fitting to on-wafer probe measurements.
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Figure 3.28: Output power versus frequency for state-of-the-art MMIC at W-band including Qorvo GaN09

I'-gate designs presented in Sections 3.1 and 3.2.

3.3 CONCLUSION

The work presented in this chapter show the analysis and design of two W-band power amplifier using

Qorvo’s GaN09 I'-gate process. Summary of performance compared to state-of-the-art are given in Fig. 3.28

and Table 3.1. In addition, a design method of a bias line topology that utilizes multilayer MIM capacitors

as a distributed multilayer transmission line for voltage isolation is presented. The design method provides

a reduction in MMIC layout footprint. The contributions of this chapter are presented in [82].
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Table 3.1: GaNQ09 I'-gate Compared to Published GaN MMIC Power Amplifiers at W-Band

Reference Peak Output Power (W) Bandwidth (GHz) PAE (%) Chip Size (mm?)
[83] 3 75-100 12 5.4 x2.75
[38] 1.2 91 20 2.5%09
[38] 1.7 91 11 29x 1.6
[46] 0.5 70-75 10 3.5%x1.75
[47] 0.842 83-92 14.8 -
[45] 1.5 92-96 17.8 -
Section 3.1 (single-ended) 0.979 76.6 - 92.7 5.8 3.5%x1.91
Section 3.2 (balanced) 1.88 76.6 - 92.7 5 3.98 x 3.76
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Recent published W-band amplifiers in [31] have showed promising capability with the Qorvo GaN(09
T-gate process achieving 1.2 W at 95 GHz. With its high fr > 145 GHz, high g, > 1000 mS/mm, and
integrated 3MI passives, the GaN09 T-gate process provides capability for state-of-the-art W-band power
amplifiers.

This chapter presents the design of two MMIC PAs using Qorvo’s GaN09 T-gate process and exploiting
their state-of-the-art 3MI passive processing. In Chapter 3, the designs use distributed matching networks
for impedance matching at the input, interstage, and output. Though desirable for millimeter-wave design,

distributed matching networks require costly reticle space due to wide impedance lines needed. The designs



presented in this chapter take advantage of quasi-distributed matching techniques that provide reduction in
overall MMIC design footprint and exploit state-of-the-art advanced passive processing of small capacitor-
over-via (COV) presented in Fig. 3.1. This allows for the use of smaller valued capacitor for impedance
matching, providing the capability to increase the amplifier’s output periphery by up to 20% with equivalent
die space to that of what was presented in Section 3.1.

To achieve larger bandwidths, a reduced output periphery over that presented previously in Section 3.1
is used. Moreover, to achieve higher output periphery with the USSPA, two MMIC amplifier topologies are
shown: (1) balanced configuration similar to that of Section 3.2 and (2) a 5X combined amplifier using a
serial combiner with total output periphery of 1600 um. An extended analysis of on-chip Lange couplers at

millimeter-wave frequencies for improved combining efficiencies is shown.

4.1 GaNO09 T-GATE UNiT POWER AMPLIFIER FOR PA ARCHITECTURE

4.1.1 DesioN AND Layout orF USSPA

The unit PA is a 3-stage, 2-way power combined topology with 1:1.5:2 drive staging, shown in Fig. 4.1(a).
The output stage utilizes two 4x40-um devices in parallel to provide a total periphery of 320 um. In contrast
to the design presented in Section 3.1, the output periphery is reduced by half to achieve larger bandwidths
at the expense of output power. The layout of the 3-stage, 2-way power combined USSPA is presented in
Fig. 4.1(b), with a compact total area of 2.75x0.64 mm?. The complete schematic for the USSPA is shown
Fig. 4.2.

With the inherently higher gain of the T-gate process, higher staging ratios can be chosen over the 1:1:1:1
presented in Chapter 3. Increased gp, of the device result in fewer gain stages, thus increasing the overall
PAE of the amplifiers. Using non-linear EEHEMT models for 2x40 um and 4x40 um, a periphery for stage
1, 2, and 3 is chosen for 160 ym, 240 um, and 320 um, respectively. This drive staging corresponds to
1:1.5:2, allowing the drive stages to operate more efficiently. The bias conditions are kept at the modeled
quiescent current, 150 mA/mm that corresponds to class-AB operation. For stage 1, 2, and 3, the drain

current correspond to 24 mA, 36 mA, and 48 mA, respectively.
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Figure 4.1: (a) Architecture for the GaN09 T-gate USSPA power amplifier design. The design is a 3-stage,
2-way power combined architecture with 1:1.5:2 drive staging using 2x40 um, 4x30 um, and 4x40 um
transistors for the first, second, and third stage, respectively. (b) Layout of the GaN09 T-gate MMIC USSPA
with maximum dimensions of 2.75x0.64 mm?.

4.1.2 NeTWORK DESIGN AND MATCHING TOPOLOGY

The layout of the USSPA is presented in Fig. 4.1(b), showing the quasi-distributed matching techniques
used for the input and interstages. To maintain low conduction losses at the output combiner, distributed
matching techniques are used. As an initial design pass, each network is designed separately with equivalent
RC circuits for gate and drain terminations. Similar to the procedure described in Chapter 3, the devices
are approximated with series and parallel RC networks. Using the EEHEMT device models for the 2- and
4-finger transistors, their equivalent RC values are found. For the output power stage, the simulated load-pull
value found in Section 2.3 for the 4x40 um device is I'opy = 0.752116.2°, that corresponds to a R, = 104.7 Q

and C, = 0.05 pF. The corresponding gate reflection coefficient, ['source = 0.77£—176.8°, can be represented

60



‘1"t 314 ur InoAe] a3 03 Surpuodsariod aje3-I, GONEBD 0AI0() 3ursn USISAp VdSSN pourquiod ramod Aem-g “a3eis-¢ oY) J0J ONeWAYIS (7't 2In31]

Nﬁ> . ﬁ\»

3
A

61



G =
A‘//Riisx 2 ©a
F

Drain 43/ Gate Drain PKEWQNE%GE%
23 " : Eﬂwﬁﬁ | Half

Rodd Crnatch o Symmetry
= H Plated Metal [l Ground Via
_ ~— __— 3
=2, p¢ Cir TaN Capacitor
(a) (b)

Figure 4.3: (a) Schematic for matching network topology used in each interstage. (b) Layout for half of the
interstage showing half symmetry line. The quasi-distributed matching using tranmission lines, Cpaich and
Chlock, are shown.
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Figure 4.4: (a) The output 2-way combiner performance under even-mode operation such that the active
transmission, 7¢, and active reflection coefficient, I'., are driven by synchronous sources. Perfect balance
between both input ports due to symmetry of structure. Maximum and minimum insertion loss are 1.6 dB
and 0.9 dB, respectively. (b) Frequency response for input network and interstages. Out-of-band rejection is
18.7 dB in V-band to reduce low-frequency gain for improved low-frequency stability.

with values R and Cs of 6.5 Q and 0.122 pF.

For the first and second stages, the equivalent values are also found to achieve maximal gain for the
drive stages. Using the 2x40 um EEHEMT models, the input and output RC values can be represented
as (R, Cs) = (11.85Q,0.223 pF) and (R, ;) = (180€, 0.02 pF). Similarly, the scaled 4-finger EEHEMT
model to a size of 4x30 um can represented with (R;, Cs) = (5.8 Q, 0.3 pF) and (R, Cs) = (134.7 Q,0.03 pF).

The matching topology for the USSPA use quasi-distributed matching that is shown in Fig. 4.3. The
quasi-distributed matching topology using tranmission lines, Ciatcn and Cpjock, is enabled by the 3MI process

and COV. The capacitor’s direct contact to the top of substrate via reduces the overall inductance which
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may cause the capacitor to self-resonate within W-band. Additionally, the thinned 50 ym over a 100 um SiC
substrate further reduce parasitic inductance.

The performance for the input, interstages, and output networks are shown in Fig. 4.4. Output, 2-way
combiner performance shown in Fig. 4.4(a) under even-mode operation such that the active transmission,
T., and active reflection coefficient, I'., is optimized for wideband performance. Perfect balance between
both input ports due to symmetry of structure is achieved as opposed to the 4-way design for the I'-gate
process presented in Chapter 3. Maximum and minimum insertion losses are 1.6 dB and 0.9 dB, respectively.
The frequency response for input network and interstages in Fig. 4.4(b), shows good out-of-band rejection
with reduction for low-frequency gain and improved low-frequency stability. Additional loss for the second

interstage due to a series gate resistor is explained in the following section.

4.1.3 StABILITY OF MILLIMETER-WAVE POWER AMPLIFIERS

From Section 3.1, it is obvious that extensive efforts in MMIC design are placed into ensuring stability of the
amplifier. It was observed that one of the more challenging tasks in the design of millimeter-wave amplifiers
is ensuring stability at lower frequencies. The stability analysis techniques have already been presented in
Section 3.1.4, therefore a stable design under process variation is presented in more detail for the T-gate
design.

Due to the large transistor gains below millimeter-wave frequencies for high performing transistors,
many of the difficulties in PA stabilization lie in stabilizing out-of-band regions. With GaN09 T-gate process
having a larger g, the out-of-band stabilization becomes much more important to address. From Figs. 3.12
to 3.13 in Section 3.1.4, it is clear that due to the out-of-band gain response between 16-40 GHz, stability
issues arose with changes in gy, Cgs, and Cgq caused by process variation. Marginal stability issues under
nominal model conditions quickly became problematic with process variations.

Reduction in low-frequency gain could not solely be accomplished through the low-frequency resistive
bypassing circuits on the gate and drain line. Mitigation strategies in using parallel tanks in series at the gate
to resonate at f, would also provide narrowband solutions for the problem. A series-C small enough to be

absorbed in the matching network while simultaneously providing significant rejection of low-frequencies
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Figure 4.5: Stability design circuits for millimeter-wave power amplifier design using two methods. DC
blocking capacitors placed at the input and interstages on the order of 0.03 pF for W-band provide a high-pass
response. Resistive low-frequency bypassing with ~ 5 Q resistor at the gate and drain line for attenuation
before and after the stage further provides suppression.

provides a viable solution for low-frequency rejection and wideband performance. The composite of the
two design practices, low-frequency resistive bypassing and small-blocking capacitors, provide powerful
techniques to ensure suppression of low-frequency gain.

Figure 4.5 shows the layout of the input and first interstage of the Qorvo T-gate unit PA as an example.
The first approach provides a high pass response by using small DC blocking capacitors at the input and
interstages. Typical values in W-band are on the order of 0.03 pF to ensure sufficient rejection at lower,
microwave frequencies. The second approach is the implementation of resistive short at low-frequencies
bias lines. Similar to the small blocking capacitors used throughout the multistage amplifier, small bypass
capacitors provide bypass at frequencies in-band to the amplifier.

Further instabilities may be introduced closer to the frequency band of operation which may become more
difficult to address due to changes of in-band frequency behavior of the matching networks. As previously
stated, a typical initial diagnosis involves looking at the frequency response of the amplifier for |S-parameters|

and K-factor. In Fig. 4.6, the wideband response of the USSPA is shown. Peaking gain response in, |So],
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Figure 4.6: Wideband frequency response for USSPA with and without gate resistor on stage 2. Peaking
gain response in, |Sy1|, and output return loss in, |S2,|, show potential instability at 66 GHz without gate
resistance.

and output return loss in, |S»>|, show potential instability at 66 GHz without a gate resistance placed at Q»
and Q5. Further analysis based on loop gain and internal Nyquist stability show instabilities caused by the
second stage transistors, O, and Qs. The loop gain and internal Nyquist stability analysis for O, with and
without gate resistor are shown in Fig. 4.7 (a) and (b). Figure 4.7(c) show the internal reflection coefficients
moving radially inward with increasing resistance contours on the Smith Chart, moving away from a point
of outside the Smith Cart, showing the effectiveness of the gate resistance.

Though the gate resistor method provides an effective solution in stabilization, it comes at the expense
of sacrificing gain which has previously been shown in Fig. 4.6 with the reduction of in-band gain by
approximately 2 dB. The selection of the size of the gate resistance involves considering the stability under
process variations that provides guidance in selecting the minimum about of resistance need for stability. In
Fig. 4.8(a), the wideband response is shown with process variation using gn, increased by 30%, Cys decreased
30%, and Cgq increased by 30%. Since the value of the resistor impacts the in-band performance of the

amplifier, the value of Rgye is sized such that the stability is marginal at the extremes of process variation
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Figure 4.7: (a) Loop gain analysis for second stage O, with and without gate resistor. (b) Internal Nyquist
stability at the gate of the second stage, O, with and without gate resistor. (c) Internal reflection coefficients
with and without R with reference plane at the gate of O, referenced to 50 Q. I'; is reflection coefficient into
the interstage matching network and I'; is reflection coefficient into of Q».
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Figure 4.8: (a) Wideband frequency response of |Sz1], |S11], |S22| and K-factor for the USSPA. Performance
shown with process variation using g, increased by 30%, Cgs decreased 30%, and Cgq increased by 30%. (b)
Wideband frequency response for Nyquist stability index for all devices in the USSPA. Stability index shows
marginal stability at the worst case variation of the amplifier with stage 2 under process variation being the
worst case. Stability index shown with process variation using gy, increased by 30%, Cgs decreased 30%,
and Cyq increased by 30%.
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Figure 4.9: (a) Wideband frequency response of S>;, Si1, S22 and K-factor for the USSPA. Performance
shown without process variation. (b) Wideband frequency response for Nyquist stability index for all devices
in the USSPA without process variation.

shown with the Nyquist stability index in Fig. 4.8(b). A value of 5.5 Q at the gates of 0> and Qs allows to
achieve a marginal stability of stability index less than 1 and a loop gain with phase margin of 14.85° under
I' = —1 for source and load terminals. The resulting wideband frequency response and stability index of the

stabilized USSPA is shown in Fig. 4.9 (a) and (b), respectively.
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Figure 4.10: Layout for Qorvo GaN09 T-gate balanced amplifier. Total chip size occupies 3.9x 1.84 mm?.
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Figure 4.11: Simulated frequency response for the balanced MMIC with Pj, = +15dBm under bias
conditions (Vg, Igs)= (+13 V, 150 mA/mm).
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Figure 4.12: Simulated Py, saturated gain and PAE versus Py, at 92.5 GHz of the balanced MMIC design
at a +13 V drain supply voltage with 150 mA/mm drain current.

4.2 GANO09 T-GATE POWER AMPLIFIER BALANCED DESIGN

42.1 LAYyouT AND SIMULATED PERFORMANCE

Similar to Section 3.2, the USSPA design is used in a balanced architecture for power scaling. This allows to
increase the output periphery from the 320 um of the USSPA to 640 um, which is equivalent to the GaN09 I'-
gate single-ended design presented in Section 3.1. The layout of the Qorvo GaN09 T-gate balanced amplifier

2. The simulated frequency

is shown in Fig. 4.10 and occupies a total chip size occupies 3.9%x1.84 mm
response for the balanced amplifier is shown in Fig. 4.11. The bias voltage, V4 = +13 V, and quiescent bias
current in class-AB, I3 = 150 mA/mm, as modeled with the non-linear EEHEMT devices. The input power
is set to +15 dBm, which corresponds to peak efficiency for the amplifier. The simulations predict and output
power of +27.35dBm (543 mW) at 91.5 GHz, with corresponding to a PAE of 13.8%. The balanced amplifier
simulates a wideband frequency response achieving greater than 25 dBm over from 75-108 GHz. Predicted

Pout, gain and PAE versus Pj, at 92.5 GHz of the balanced amplifier at a +13 V drain supply voltage with

150 mA/mm drain current is shown in Fig. 4.12.
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Figure 4.13: Photograph of Qorvo GaN(09 T-gate balanced amplifier for the layout shown in Fig. 4.10.

4.2.2 ON-WAFER MEASUREMENTS

The fabricated balanced design using the GaN09 T-gate process is shown in Fig. 4.13. The on-wafer small-
signal measurements taken across the wafer for |S»;|, |S11], and |S22| shown in Fig. 4.14 for 65 to 110 GHz.

The bias conditions of the small-signal measurements are V3 = 13 V with drain current, /4, of 144 mA.

4.3 GANO09 T-GATE POowER AMPLIFIER SERIALLY COMBINED DESIGN

4.3.1 LAYyouT AND SIMULATED PERFORMANCE

Serial combining was first demonstrated using waveguides in [84] with promising MMIC performance
demonstrated in [6]. The general architecture for a serially combined amplifier is shown in Fig. 4.15. The
architecture offers scalability for power combining not limited to 2" or 2N by corporate and balanced
combiners, respectively. Similarly to a distributed or traveling-wave amplifier, power from the input signal
of the amplifier gets coupled from the main propagation such that an equal amount of power is presented at
the inputs of the USSPAs. Due to the required couplers needed for the architecture, monolithic integration

becomes prohibitive at microwave frequencies. With the reduction of the guided wavelength at millimeter-
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Figure 4.16: (a) Schematic for N-way splitter section for serially combined architecture. Coupling coefficients

are selected with Egs. (4.1) and (4.2). (b) Equivalent coupler modeled with losses within the coupler modeled
as losses on the thru path, t.

wave frequencies and state-of-the-art MMIC processing, serial combiners on-chip become feasible.

The coupling factors for the lossy serial combiner can be analyzed in splitting configuration shown
Fig. 4.15(a) that is used at the input of the PA. Losses within the couplers can be modeled and lumped in
addition to the losses in transmission line connecting each of the couplers as an element in series on the thru

path. This approximation is shown in Fig. 4.15(b) with coeflicients given from [6],

cx =1 4.1
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A simple analysis of the coupling coefficients as a function of loss for N=5 are shown Fig. 4.17. The
coupling coefficients are strongly dependent on the losses, #. As losses increase in the serial splitter, less
coupling is required as the power propagates down the line to maintain equal powers at the ports. The choice
of coupling factor for each becomes critical to provide equal input power presented at the inputs of each of
the USSPAs. Similar to the limitations of a distributed power amplifier, unequal input powers presented at
the input ports result in each amplifier being saturated at different levels and as a result, a reduction in overall
output power and PAE of the amplifier.

Additionally, inadequate modeling result in unfavorable implementation of the splitter and combiner in
the architecture. The synthesis of the couplers to ensure correct coupling coefficients at each stage requires
careful EM modeling at millimeter-wave frequencies. To illustrate this, a closer analysis of the Lange
coupler for the serial combining architecture will looked at for improvement in combining performance at
the higher end of W-band where degradation in performance may occur. It has been shown in Chapter 3

that current crowding at millimeter-wave frequencies begins to affect circuit behavior and performance. For

the Lange coupler, the coupling factor will differ for different feed variation therefore needing adjustments
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Figure 4.18: The surface current amplitude for 3 dB Lange couplers. (a) Manifold with two straight and two
right angle feed that are used in serial combiners. (b) Manifold with four right angle feeds which commonly
used for balanced amplifiers.

in finger spacing with a Lange coupler. Figure 4.18 show the current distributions for two Lange couplers
being fed with 2-angled bends that are used for serial combiners in Fig. 4.18 (a) and 4-angled bends that
are used for balanced amplifiers in Fig. 4.18 (b). A look at the current distributions for the fingers show
current accumulation on the inside of the right angle bend in Fig. 4.18 (b), causing a difference in coupling
performance. In addition, the Lange coupler shifts in center operating frequency shown in Fig. 4.19(a).
Using a parametric EM simulation, coupling coefficient over finger spacing shown in Fig. 4.19(b). For
coupling factors less than 3-dB, the resulting difference does not depend strongly on the manifold, but as the

coupling factor decreases, larger variations in the coupling factor occur.
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Figure 4.20: (a) Serial Lange in splitter configuration showing dispersion across W-band. (b) Serial Lange
configuration with feed compensation across W-band.

As it was alluded to earlier, the errors associated with the selection of improper coupling factors across
the serial splitter impact the overall performance of the PA. In Fig. 4.20 (a), a design based on modeling
using the traditional, 4-angled bend, Lange manifold show amplitude variation of up to 5 dB at the far end
of the band, 110 GHz. Using a more accurate EM modeling, representative of how the Lange will be used
for layout, the finger spacing as function of coupling factor can be investigated. As a results, the serial
combiner can provide wideband improvement, more considerably at the high end of W-band where power is
at a premium as shown in Fig. 4.20 (b). Improvements in the back-to-back loss are shown in Fig. 4.21.

The complete layout of the Qorvo GaN(09 T-gate serially combined amplifier is shown in Fig. 4.22
and occupies a total chip size occupies 3.9x3.81 mm?. The simulated frequency response for the serially
combined amplifier is shown in Fig. 4.23. The bias voltage, V4 = +13V, and quiescent bias current in

class-AB, I3 = 150 mA/mm, as modeled with the non-linear EEHEMT devices. The input power is set to
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Figure 4.21: Improvements for back-to-back loss for improved EM modeling of Lange serial splitter/combiner
are compared with [6].

+20 dBm, which corresponds to peak efficiency for the amplifier. The simulations predict an output power of
+31.05dBm (1.27 W) at 93.5 GHz, with corresponding to a PAE of 17.57%. The serially combined amplifier
predicts a wideband frequency response achieving greater than 28.5 dBm over from 75-108 GHz. Predicted
Py, gain and PAE versus Pj, at 92.5 GHz of the serially combined amplifier at +13 V drain supply voltage

with 150 mA/mm drain current is shown in Fig. 4.24.

4.3.2 ON-WAFER MEASUREMENTS

The fabricated serial amplifier design using the GaNO9 T-gate process is shown in Fig. 4.25. The on-wafer
small-signal measurements taken across the wafer for |S>;|, |S11], and |S22| shown in Fig. 4.26 for 65 to
110 GHz. The bias conditions of the small-signal measurements are Vg = 13V with drain current, Iy, of

360mA.

4.4 CONCLUSION

In summary, this chapter presents the analysis and design of two W-band power amplifiers using Qorvo’s

GaN(Q9 T-gate process. A summary of performance compared to state-of-the-art are given in Fig. 4.27
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Figure 4.22: The layout for Qorvo GaN(09 T-gate serially combined amplifier. The total chip size occupies
3.9x3.81 mm?.
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Figure 4.25: Photograph of Qorvo GaN09 T-gate serial amplifier for the layout shown in Fig. 4.22.
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Figure 4.27: Output power versus frequency for state-of-the-art MMIC at W-band including Qorvo GaN09
I'-gate and T-gate designs presented in Sections 3.1, 3.2, 4.2 and 4.3.

and Table 4.1. Both amplifiers produce over 0.5 W of output power at W-band, but the T-gate process shows
higher frequency of operation covering 75-108 GHz while the I'-gate process gives higher power in the
lower W-band range. As a part of power combined architectures, an analysis method for the design of serial
Lange combiners for improved combining efficiency is developed. The contributions from this chapter are
presented in [85] where two T-gate W-band processes are compared in terms of amplifier performance, the

Qorvo process discussed in this chapter and the HRL T3 process discussed in Chapter 5.
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Table 4.1: GaNOQ9 T-gate Compared to Published GaN MMIC Power Amplifiers at W-Band

Reference Peak Output Power (W) Bandwidth (GHz) PAE (%) Chip Size (mm?)
[83] 3 75-100 12 54 x2.75
[38] 1.2 91 20 2.5x0.9
[38] 1.7 91 11 29x 1.6
[46] 0.5 70-75 10 3.5 1.75
[47] 0.842 83-92 14.8 -
[45] 1.5 92-96 17.8 -
Section 3.1 (single-ended) 0.979 76.6 - 92.7 5.8 3.5%x1.91
Section 3.2 (balanced) 1.88 76.6 - 92.7 5 3.98 x 3.76
Section 4.2 (balanced) 0.543 75-108 8 39x1.84
Section 4.3 (serial) 1.27 75-108 8 3.9 x 3.81
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As introduced in Section 2.4, HRL processes are well documented with the processing techniques
published in [4,24,60-62]. The success for high frequency performance from the evolution of the T2 to
the T3 process are attributed to the recessed n*-GaN cap layer in direct contact with the 2DEG layer. As a
result, reductions in the contact resistance improve the fr and fi,x of the transistor. Transistor scaling for
the T3 process achieves an ft/ finax of 200 GHz/400 GHz with a breakdown voltage, Vi« > 40 V. The process
is intended to operate at a drain voltage, Vygs = +12V with drain current density, Igs dens, 0f 150 mA/mm,
corresponding to Iy = 22.5 mA for a 4x37.5 um device. The process is accompanied with passives that use

three metalization layers to form transmission lines and air bridges. In addition, capacitors are formed with



a SiN layer and resistors formed with TaN layer. The actives and passives are processed on a 50 um SiC
carrier substrate.

Successful GaN W-band power amplifier designs using the T3 process have been published in [45,47],
but none yet have covered full W-band operation from 75-110 GHz. This chapter presents two wideband
W-band PAs covering 75-110 GHz in HRL’s T3 process. In Section 5.1, the design of a three stage USSPA
with 1:2:3 drive staging is presented. In Section 5.2, the USSPA is placed in balanced configuration for
additional level of power combining. Finally in Section 5.3, preliminary small-signal measurements for the

USSPA is presented.

5.1 T3 PowerR AMPLIFIER SINGLE-ENDED DESIGN

5.1.1 DesicN, LAyouTt, AND MATCHING ToroLoGY oF USSPA

The unit PA is a 3-stage, 2-way power combined topology with 1:2:3 drive staging, shown in Fig. 5.1(a). The
output stage utilizes two 4x37.5 um devices in parallel to provide a total output periphery of 300 um. The
primary objective of the design is to achieve full, W-band performance from 75-110 GHz, therefore similarly
to the design presented in Chapter 4, the output periphery is kept small. The layout of the 3-stage, 2-way
power combined USSPA is presented in Fig. 5.1(b), with a compact total area of 2.75x0.64 mm?, with the
complete schematic for the USSPA is shown Fig. 5.2.

The design uses the non-linear Angelov model for the 4x37.5 um transistor. The modeled device is
scaled to 4x25 um for the first and second stage that boost the overall gain of the amplifier. The periphery
for stage 1, 2, and 3 is chosen to be 100 um, 200 um, and 300 um, respectively. The bias conditions are kept
at the modeled quiescent current, 150 mA/mm that corresponds to class-AB operation for the output stage.
For stage 1, 2, and 3, the drain current correspond to 15 mA, 30 mA, and 45 mA, respectively.

The matching topology used for the HRL T3 design use distributed matching due to lack of capacitor-
over-vias (COV) available by the process. SiN capacitors is available to be used for DC blocking and
bypassing functionality. Therefore, similarly to Chapter 3, low-impedance transmission lines and stubs are

used for matching at the input, interstages, and output network. Parallel transistors use internally shared
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Figure 5.1: (a) Architecture for the HRL T3 USSPA power amplifier design. The design is a 3-stage, 2-way
power combined architecture with 1:2:3 drive staging using 4x25 um transistors for the first and second
stage, and 4x37.5 um, and 4x40 um transistors the third stage. (b) Layout of the T3 MMIC USSPA with
maximum dimensions of 2.43x0.927 mm?.

vias to further reduce the distance between transistors and minimize effects from the placement of the odd-
mode resistor between them. The design maintains half-symmetry with the bias lines to provide continuous
biasing at either side of the USSPA to be compatible with balanced or serially combined architecture. As
mentioned previously in Chapter 4, the half-symmetry design also provide sufficient balance between the
parallel transistors of the amplifier, thereby reducing odd-mode occurrences. The complete design of the
single-ended amplifier is shown in Fig. 5.4. Bias lines are kept compact with DC continuity for top and
bottom side of design.

Stability techniques that have been presented in Section 3.1.4 and Section 4.1.3 are applied to the T3
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Figure 5.3: Wideband frequency response of |S>;|, |S11], and |S22| for USSPA from 0-330 GHz. Sufficient
low-frequency gain suppression of approximately 10 dB provided at 30 GHz.

| Capacitor [l Probe Pad

. Plated Metal TaN . Ground Via

Figure 5.4: Layout for the single-ended amplifier with RF and bias pads. The total design occupies 3.12x
1.11 mm?.
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Figure 5.5: Simulated frequency response for the single-ended T3 process design with Py, = +15 dBm under
bias conditions (Vy, I3s)= (+12V, 150 mA/mm).

USSPA. Using small bypassing capacitors and low-frequency resistive bypassing, successful suppression
of low-frequency gain is accomplished. Figure 5.3 shows the wideband frequency response of |S>1], |S11],
and |S»,| for USSPA covering from 0-330 GHz. Simulations up to the third harmonic are required to
establish convergence with the non-linear Angelov models. Sufficient low-frequency gain suppression with
the minimum of approximately 10 dB provided at 30 GHz allows for stable results in K-factor, loop gain, and

Nyquist criterion up to 330 GHz.

5.1.2 SIMULATED PERFORMANCE FOR THE SINGLE-ENDED AMPLIFIER

The layout of the amplifier using the T3 process is shown in Fig. 5.4 and occupies a total chip size occupies
3.72x2.1 mm?. The simulated frequency response for the single-ended amplifier is shown in Fig. 5.5. The
bias voltage, V4 = +12V, and quiescent bias current in class-AB, I3js = 150 mA/mm, as modeled with the
non-linear Angelov devices. The input power is set to +15 dBm, which corresponds to peak efficiency at the
higher end of W-band (> 92.5 GHz) for the amplifier. The simulations predict an output power greater than
25dBm over 75-110 GHz with a peak output power of 26.9 dBm at 98.6 GHz. Over W-band, a minimum

PAE of 11% with 17% peak PAE at 98 GHz. A large-signal gain of > 10dB is achieved over 75-110 GHz.
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Figure 5.6: Simulated Py, saturated gain and PAE versus Pj, at 75 GHz, 92.5 GHz, and 110 GHz for the
single-ended T3 process design at a +12 V drain supply voltage with 150 mA/mm drain current.

The simulated Pqy, gain and PAE versus Py, at 75 GHz, 92.5 GHz, and 110 GHz curves for the single-ended

amplifier biased at +12 V drain supply voltage with 150 mA/mm drain current are shown in Fig. 5.6.

5.2 T3 Power AMPLIFIER BALANCED DESIGN

The USSPA design is used in a balanced architecture for further power scaling. The design’s output periphery
is increased from the 300 um of the USSPA to 600 um. The layout of the balanced amplifier using the T3
process is shown in Fig. 5.7 and occupies a total chip size occupies 3.72x2.1 mm?. The simulated frequency
response for the balanced amplifier is shown in Fig. 5.8. The bias voltage, Vg = +12V, and quiescent bias
current in class-AB, Igs = 150 mA/mm, as modeled with the non-linear Angelov devices. The input power
is set to +18 dBm, which corresponds to peak efficiency for the amplifier. The simulations predict an output
power greater than 27.7 dBm over 75-110 GHz with peak output power of 29.4 dBm at 79 GHz. A minimum
PAE of 9.6% is maintained over W-band with a 13.9% peak PAE at 77 GHz. A large-signal gain of > 9.3 dB
is achieved over 75-110 GHz. The simulated Py, gain and PAE versus Py, at 75, 92.5, and 110 GHz curves
for the single-ended amplifier biased at +12 V drain supply voltage with 150 mA/mm drain current are shown

in Fig. 5.9.
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Figure 5.9: Simulated Py, saturated gain and PAE versus Pj, at 75 GHz, 92.5 GHz, and 110 GHz for the
balanced configuration T3 process design at a +12 V drain supply voltage with 150 mA/mm drain current.

5.3 ON-WAFER MEASUREMENTS

The amplifiers were fabricated on a 3x5 mm? chip as shown in Fig. 5.7. The die includes additional test
circuits for the process testing. For low-frequency bypassing and stability, the die was epoxied on a metal
carrier plate with MIM capacitors placed close to the die to reduce bond wire inductance between chip and
off-chip capacitors.

The small-signal measurements were taken on a single, stabilized single-ended amplifier. The on-wafer
probing measurement station is shown in Fig. 5.11. The HP8510 with W-band frequency extenders is used
for the network analyzer. WR-10-to-1 mm connectors are used at the output of the frequency extenders that
connect to the GSG probes using 1 mm cable. Calibration standards are used to calibrate to the output of the
GSG probe.

The bias conditions of the small-signal measurements are Vg = 6 V with drain current, Iy, of 139 mA.
The measurements for |S»1], |S11], and | S22 | shown in Fig. 5.12 for 75 to 110 GHz and compared to simulated

results.
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Figure 5.10: Photograph of the die that occupies 3x 5 mm? containing the multiple circuits with indications
for circuits from Fig. 5.4 and Fig. 5.7.
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Figure 5.11: W-band on-chip measurement test station using HP8510 with W-band frequency extenders,
WR-10-to-1 mm, 1 mm cable and GSG probes.

5.4 CoNCLUSION

In summary, this chapter presents the analysis and design of two W-band power amplifiers using HRL'’s
T3 T-gate process. Simulated results predict widest bandwidth with highest power covering the complete
W-band, 75-110 GHz. The results are summarized in Table 5.1 with a comparison between published W-
band GaN amplifiers and those presented in Chapter 3 and Chapter 4. The designs presented in this chapter
used the knowledge gained from previous designs in Chapters 3 and 4, especially as it relates to combining
structures and broadband stability. The contributions from this chapter are presented in [85] where the T3

T-gate W-band process is compared to Qorvo’s T-gate process in terms of amplifier performance.
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Figure 5.12: On-chip small-signal measurements for the single-ended amplifier shown in Fig. 5.10. The bias
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I'-gate and T-gate designs presented in Sections 3.1, 3.2, 4.2, 4.3, 5.1 and 5.2.
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Table 5.1: T3 Compared to Published GaN MMIC Power Amplifiers at W-Band

Reference Peak Output Power (W) Bandwidth (GHz) PAE (%) Chip Size (mm?)
[83] 3 75-100 12 5.4 x2.75
[38] 1.2 91 20 2.5%0.9
[38] 1.7 91 11 29x 1.6
[46] 0.5 70-75 10 3.5x1.75
[47] 0.842 83-92 14.8 -
[45] 1.5 92-96 17.8 -
Section 3.1 (single-ended) 0.979 76.6 - 92.7 5.8 3.5%x1.91
Section 3.2 (balanced) 1.88 76.6 - 92.7 5 3.98 x3.76
Section 4.2 (balanced) 0.543 75-108 8 39x1.84
Section 4.3 (serial) 1.27 75-108 8 3.9 x3.81
Section 5.1 (single-ended) 0.49 75-110 11 3.12x 1.11
Section 5.2 (balanced) 0.87 75-110 9.6 372 x2.1
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Power combining at millimeter-wave frequencies faces challenges that include high combiner losses, low
available power per element, packaging tolerances, and heat removal due to low efficiency and small size
of components. As briefly introduced in Fig. 1.2 there is a trade-off between different combining levels,
especially between device and spatial ends. The goal of this chapter is to critically investigate this trade-off.

In Fig. 6.1(a), multiple amplifiers are combined into a combiner that has inherent ohmic losses and
associated combining efficiency. The corporate-combined amplifiers are fed into a single antenna element,
and then spatially combined through an array shown in Fig. 6.1(b). The design trade-offs in combining
efficiencies between each level of combining range from thermal considerations at the device level as
presented in Chapter 2, to space and weight considerations at the circuit and radiator level [3]. The issue

presented in MMIC power combining is that the power amplifier designs do not scale linearly with wavelength.
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Figure 6.1: (a)Combining of multiple PAs behind an antenna element. (b) Combining multiple active
antennas for spatial power combining.

Therefore, the chip size becomes an increasing fraction of the unit call size of 1/2. In addition, for binary
combiners placed after the MMIC and before the antenna, the number of combined elements quickly reaches
the point of diminishing return due to insertion loss and size. This chapter focuses on circuit level while the
analysis of spatial level upon radiation is discussed in Chapter 7.

For a multi-stage combiners considering K-binary stages, with Lgge loss per stage, and P, output power
per device, the total output power is given by [3]

Pou = P, 2K LK (6.1)

stage

which yields a total combining efficiency of the K-stage combiner,

Ncomb = LsKtage (6.2)
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Figure 6.2: Combining efficiency, 7comb., for multi-stage combining considering K-binary stages and Lgage
loss per stage.

Figure 6.2 shows the combining loss as a function of number of stages, point to the rapid roll off in combining
efficiency with number of elements combined. A 2-way combiner with a loss of 1dB indicated by point
A will achieve a combining efficiency of 63.1 %. Similarly, an 8-way combiner with lower loss of 0.5 dB
shown by point B, will achieve a total combining efficiency of 39.8 %.

Analysis of power combined networks based on scattering parameters at the circuit and spatial levels has
been explored in [86]. The results of [86] assume all input ports to be properly matched and all through paths
to the output to be identical. The importance of this approach is that it provides the analysis of errors caused
by variations in the PAs being combined. Even further, shifts in port impedances contribute to source-pulling
between each of the ports which causes odd-mode operation within a non-isolated, in-phase combiner.

This chapter presents a more rigorous analysis of device and circuit level combing efficiency. In
Section 6.1, a presentation of generalized scattering parameters is given with a further extension to active
excitation of linear multiport networks. In Section 6.2, an analysis of combining efficiency for various on-

chip combining architecture is given. Finally in Section 6.3, power combining using thin-film non-isolated
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combiners and waveguide combiners is analyzed. The statistical W-band wafer data from the measured

results in Chapter 3 is then used for numerical simulation for final circuit level combining efficiency.

6.1 GENERAL SCATTERING PARAMETERS AND NON-SYMMETRIC N-PoRT NETWORKS

The theory of generalized scattering parameters is presented in detail in [§7-89]. In this section an extension
for active scattering parameters is presented using the theory of multiple excited networks [71,90], there-
fore providing a method for the analysis of combining networks with complex arbitrarily terminated port
impedances and varying amplitude and phase. For example, a reactive in-phase power combiner on-chip
provides a transformation from the optimal drain impedance to an external 50 Q load, and can suffer from an
impedance variation at the drain caused by potential device failure. The degradation in combining efficiency
caused by asymmetrical impedance loading at the drain is further captured by this generalization.

Starting from a multiport scattering matrix, S, referenced to 50-ohms, a transformed scattering matrix

referenced to an arbitrary complex impedance is given by

S =A"{S—y1{U-yS}'A* (6.3)

where U is the identity matrix, and A is the diagonal matrix with element values

Al 1myt |2 6.4
P ©4
(1=2)(1-7))
with y is a diagonal matrix computed as
Zi— R,
Vi = —o—. (6.5)
! Zi+ Ry;

When a multiport network described by S’ is excited by multiple simultaneous sources, an active matrix

M is used to describe the network behavior

1 ;
M=——¢7yTS (6.6)



where  is a vector of incident wave amplitudes so that ¢ T is the normalization power and 9 is the vector
consisting of phases of all the excitation waves. This formulation is used later in this chapter to analyze
statistical variations between MMICs and their effect on amplitudes and phases at the outputs of multiport
off-chip combiners. The results of Eq. (6.6) are used in subsequent sections for active excitation of networks

with amplitude and phase errors.

6.2 ON-CHip COMBINING

On-chip combining starts with device periphery scaling which was investigated in [91] and [92], while
device-level modeling for scaling of MOS transistors were presented in [93] and [94]. Once the appropriate
periphery is reached by device level scaling, on-chip power combining using reactive networks increases
the power ideally by N, where N is the number of transistors as shown in Chapters 3 to 5. In reality, the
combining efficiency is not 100 % and is given by Poyi/(N - Pyansistor)- Since this efficiency is limited by the
loss of a corporate networks given by Eq. (6.2), additional power increase can be obtained in a balanced or

serial architecture.

6.2.1 CoRPORATE, BALANCED, AND SERIAL COMBINING

For reactive in-phase power combining, odd-mode operation can result in device failure. When this happens,
the failed device will have some undetermined drain impedance causing the corporate output combiner to
be asymmetrically loaded. Here the results are shown for open and short circuit loading extremes, but the
approach is valid for any impedance values in terms of their effect on combining efficiency.

In Fig. 6.3 (a) and (b), two- and four-way combiners used in the designs in Chapters 3 to 5 are shown.
The active even-mode transmission, 7¢, for Qorvo I'-gate, Qorvo T-gate, and HRL T3 MMIC PA designs
presented in Sections 3.1, 4.1 and 5.1, respectively, are shown in Fig. 6.3 (c) with corresponding combining
efficiency in (d). Degradation of the combiner under open and short loads are shown in Fig. 6.4 for each
of the reactive combiners used in the various PA designs. The 4-way output combiner shows more graceful

degradation over the 2-way combiner that suffers from approximately 40 % reduction under open load for
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Figure 6.3: (a) 4-way reactive in-phase combiner from Section 3.1. (b) 2-way reactive in-phase combiner
from Sections 4.1 and 5.1. (c) Active even-mode transmission, 7¢, for Qorvo I'-gate, Qorvo T-gate, and HRL
T3 MMIC PA designs presented in Sections 3.1, 4.1 and 5.1, respectively. (d) Combiner efficiency, n.s.,
for Qorvo I'-gate, Qorvo T-gate, and HRL T3 MMIC PA designs presented in Sections 3.1, 4.1 and 5.1,
respectively.

the case of the Qorvo GaN09 T-gate MMIC.

As discussed in Chapters 3 to 5, after the reactive combiner, the next level of power combining includes
architecture combining. Many of these architectures include the use of hybrid couplers. Using state-of-
the-art MMIC processing, fabricating compact Lange couplers becomes feasible. Typical insertion loss of
Lange couplers in the GaN-on-SiC process operating in W-band is on the order of 0.5dB. As shown in
Chapters 3 to 5, these Lange couplers can be used for both balanced and serially combined architectures
shown in Fig. 6.5. The resulting combining efficiencies, given in Fig. 6.6, are calculated with S-parameters

extracted from commercially available method of moments simulator, AWR’s AXIEM [59]. The balanced
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Hybrid

RF;, [>

>

50Q %

i

USSPA =

:

== IRFou
Hybrid

USSPA
(a)

Cn

n=N

500 USSPA

151 <] RFout
C

(b
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architecture that combines two amplifiers maintains higher combining efficiency. At the expense of additional

wafer space, a serial combiner can be used to combine more than two power amplifiers, while achieving

good combining efficiency.

6.3 Orr-CHip COMBINING

Off-chip power combining can be implemented in either thin-film microstrip on alumina or quartz, or

waveguide. Though thin-film provides the light weight alternative needed for space constrained systems,
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Figure 6.6: Combining efficiency for an on-chip balanced PA combiner in (a) and serially combiner in (b).
Additional results showing degradation with port failures shown.

lower combining efficiency results due to conduction and dielectric losses caused by electrically large
circuits needed to accommodate the MMICs. Recent interest in waveguide additive manufacturing (AM) at
millimeter-wave frequencies is described in, e.g. [7,95,96], have provided additional means for waveguide
fabrication. Combining efficiencies for standard split block manufacturing and measured AM results from [7]
are compared. A comparison between thin-film and waveguide power combining for multiple levels of power
combining is presented. In both cases, a non-isolated combiner is typically used. As the even-mode provides
perfectisolation between the combined amplifiers, the odd-mode caused by manufacturing variations provides
active load-pulling between them. Though desirable in some applications such as Doherty amplifiers,
under even-mode, in-phase combining, this effect causes additional reductions in combining efficiency.
Figure 6.7(a) shows the S-parameters of waveguide 2-way splitter manufactured with standard split block
machining in aluminum with combining efficiency in Fig. 6.7(b). The results are compared to additive

manufactured counterparts from [7]. The discrepancy is due to the inherent roughness of the latter.

6.3.1 MMIC-To-WAVEGUIDE TRANSITIONS

In MMICs, the transmission line interconnects are typically microstrip, or coplanar waveguide (CPW) for
circuits operating > 100 GHz. To interface to TE|p mode in a rectangular waveguide, a mode transition is
needed. At millimeter-wave frequencies, parasitic packaging effects begin to dominate the performance of
the mode conversion. Additionally, bond-wires detune the performance.

Quasi-Yagi in-line transitions at lower, X—band frequencies [97], demonstrated in-line compatible tran-
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Figure 6.7: (a) S-parameters amplitudes of waveguide splitter manufactured with standard split block
machining in aluminum. (b) Combining efficiency for two-way combiner compared to additive manufacturing
in [7].
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Figure 6.8: (a) A microstrip-to-waveguide transition showing placement of microstrip and waveguide ports.
Thin-film alumina (or quartz) substrate interfaces peak E-field for the TE ¢ to the microstrip mode. (b) Top
view of transition showing E-plane probe with matching segments. Backside metalization is extended up to
the edge of rectangular waveguide.

sitions and have been adopted for flip-chip W-band receiver applications [98]. The issue presented by the
flip-chip approach in power applications is the lack of thermal conduction to remove the heat away from the
active region of the transistors.

With the first demonstrated on-chip transition from CPW-to-TE|y operating at G-band (110-300 GHz)
in [99], many efforts continued with demonstrated success above 300 GHz, e.g. [100-102]. Additionally,
direct MMIC-to-waveguide transitions using bond wires provide thermally viable solutions demonstrated at
W-band in [18, 103]. This approach requires additional careful machining of molybdenum copper (CuMo)
that provides excellent thermal conductivity perpendicular to the ground plane of the MMIC and laterally,
therefore allowing greater spreading of the heat.

Limitations presented here for millimeter-wave frequencies for E-plane transitions include losses that
result in degradation of combining efficiency with off-chip combiners. In Fig. 6.8, a conventional the general
geometry of a microstrip-to-waveguide transition is shown. Transitions are typically fabricated on a thin-film
alumina (or quartz) substrate that interfaces to the peak E-field for the TEy. A top view of the transition
showing an E-plane probe with matching segments is given in Fig. 6.8(b). Backside metalization is extended
to the edge of the rectangular waveguide such that no backside metalization is below the E-plane probe

section within the waveguide.
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Figure 6.9: (a) Back-to-back transition of V-band transition of E-plane probes fabricated in split block
machining using aluminum. (b) Single transition showing bond wire from 50 2 microstrip line to transition
segments. (c) |S;;1| measured and simulated results for parametric sweep varying bond wire length and
spacing between 50 Q microstrip segment to E-plane probe transition. (d) |S;;| measured and simulated
results for parametric sweep varying bond wire length and spacing between 50 Q microstrip segment to
E-plane probe transition.

In Fig. 6.9 (a) and (b), a back-to-back V-band (45-75 GHz) transition to E-plane probes fabricated in split
block machining using aluminum is shown. A single transition showing a bond wire from 50 Q microstrip
line on SiC to a E-plane transition segment is measured and compared to simulated results for a parametric
sweep varying bond wire length and spacing.

Figure 6.10(a) shows results for lower losses in a single transition in Fig. 6.10(b) by using a pedestal and
minimizing distance between MMIC and thin-film substrate. The single E-plane W-band transition from
50 um SiC substrate to 100 um alumina substrate uses a 65 um saw street typical for MMIC dicing. The SiC
MMIC substrate is raised on a 50 um pedestal to reduce length of bond wire transition. At worst case, |Sy;|

results show a maximum loss of 1.5 dB.
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Figure 6.10: (a) Single E-plane W-band transition from 50 um SiC substrate to 100 um alumina substrate.
A 65 um saw street on MMIC used that is typical for MMIC dicing. The SiC MMIC substrate is raised
by 50 um pedestal to to reduce length of bond wire transition. (b) Simulations for microstrip-to-waveguide
transition at W-band with and without bond wire.
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Figure 6.11: Scatter plot for various frequencies plotting magnitude and phase for on-wafer data of the Qorvo
GaNO09 I'-gate single-ended design presented in Chapter 3.

6.3.2 SIMULATION METHODS FOR STATISTICAL POWER COMBINING

Because of fabrication variations it is important to quantify the impact of both MMIC gain amplitude and
phase spread across the wafer and fabrication tolerances of the passive combiners, as they all contribute to
combining efficiency degradation. The measured data on a subset of approximately 38 MMICs is used to
model a larger set, typically Gaussian or multi-modal fitting of arbitrary distributions. In Fig. 6.11, variations

in amplitude and phase from a complex data set of S,; are shown for various frequencies. The measured
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Figure 6.12: Statistical model for simulation in power combining. Variations in amplitude and phase from a
complex data set of S, are used for a system model of either combiners and arrays to approximate parameters
such as combining efficiency and far-field patterns.
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Figure 6.13: Histogram for |S,;| versus 2S,; for on-wafer data in (a) and copula generated in (b) at 90 GHz.

data of the complex valued S»; use multivariate copula fitting to provide a larger sample set to be used
in the simulation. This approach provides the ability to fit multidimensional (in frequency), multi-modal
distributions [104]. In Fig. 6.13, an example of generated data using copula fitting is shown for on-wafer
measured data. In addition, the measured data may be fitted to an uncorrelated Gaussian distribution for
comparison.

Using the measured amplifier and non-correlated multi-modal distribution, a comparison between the two
can be used to evaluate the combining efficiency for various K-stage non-isolated combiners. In Fig. 6.14,
the simulated combining efficiency performance for 2-, 4-, 8- and 16-way combiners is shown for both
thin-film alumina and rectangular waveguide. A comparison is performed between the measured data set

and the uncorrelated multi-modal data set. Figure 6.15 shows the degradation in combining efficiency for
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Figure 6.14: (a) Combining efficiency for thin-film alumina substrate for 2-, 4-, 8- and 16-way combiner.
(b) Combining efficiency for aluminum waveguide for 2-, 4-, 8- and 16-way combiner.
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Figure 6.15: Simulation results for mean combining efficiency for 2-, 4-, 8- and 16-way combiner at 80 GHz
using alumina thin-film and waveguide.

both cases. As expected the microstrip rapidly degrades in combining efficiency due to both conduction and

dielectric losses of the substrate.

6.4 CoONCLUSION

In summary, this chapter focuses on circuit level power combining starting from on-chip combining within
a MMIC to off-chip thin-film or waveguide combining for multiple MMIC power scaling. The spread in

gain between multiple MMICs on a single wafer is used to analyze degradation of combining efficiency
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for off-chip for 2-, 4-, 8-, and 16-way combiners at W-band. Additionally, wire-bonded transitions from
microstrip-to-waveguide are analyzed for the dominant mode in WR-10. The contributions are summarized

in [105].
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The context of array pattern degradation based on random amplitude and phase errors was first discussed
in [106] and followed by a classical paper of [107]. Traditionally, the analytical treatment for the impact of
errors in the far field is considered to be Gaussian distributed with uncorrelated amplitude and phase. From
Section 6.3, this is not always the case for sources of errors caused by MMIC amplifiers fabricated on the
same wafer. State-of-the-art III-V semiconductor research-level processes can also provide large variations

in both magnitude and phase of the transistor gain that may not always be Gaussian and uncorrelated. In



Active Array Transmit/Receive Modules

Figure 7.1: Block diagram for an active phased array using multiple transmit/receive modules. Ideal radiation
pattern is shown in solid line while beam pointing errors and increased side-lobe levels are clearly seen in
dashed line.

addition to affecting the combining efficiency, degradation in the far-field pattern affected by this variation
translates to beam pointing errors and increased side lobe levels, affecting the overall performance of the
array as shown in Fig. 7.1.

This chapter presents the continuation of the analysis for power combining at the spatial level to achieve
high effective radiated power from the output of the active phased array. In Section 7.1, a design is presented
of a horn to be scaled and used in linear and planar array configuration. Section 7.2 discusses this horn
antenna element in a 4x1 linear array. Section 7.5 concludes the chapter concludes with the analysis of
planar arrays for achieving 1.5 kW ERP based on the current state-of-the-art solid-state PAs presented in

Chapters 3 to 5.

7.1 ANTENNA ELEMENT DESIGN

For the antenna element, a metallic rectangular aperture is selected for compatibility with active waveguide
modules for high power capability and low-conduction losses. The parameters of the horn shown in
Fig. 7.2(a), are found through parametric sweep of the aperture dimensions of 1.27 mm by 3.81 mm, and

filet radius of the feed to achieve a sufficient match across W-band.
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Figure 7.2: (a) Illustration horn antenna element with E-plane along Y-Z and H-plane along X-Z plane. The
size of aperture is 1.27x3.81 mm? with a standard WR-10 feed of 1.27x2.54 mm?. (b-d) Element patterns at
75, 92.5, and 110 GHz. The dark blue curves indicate E-plane cuts, and light purple curves indicate H-plane
cuts.
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Figure 7.3: (a) Directivity and aperture efficiency versus frequency. The directivity over W-band simulates
a minimum D, = 6.8 dB at 75 GHz and maximum D, = 8.5dB at 110 GHz with an aperture efficiency of
> 50% maintained across all of W-band. (b) Reflection coefficient versus frequency from 75-110 GHz.
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Figure 7.4: (a) Single element comparison to active element of |S;{|. (b) Single element pattern compared
to active element pattern.

In Fig. 7.2(a), the geometrical orientation of the antenna is shown for the respective directivity plots
in Fig. 7.2(b)-(d). The antenna element is simulated using commercially available finite element (FEM)
electromagnetic solver, ANSYS HFSS [108]. The simulation setup includes perfect electric conductor (PEC)
for the metallic structure, boundary integral (BI) to compute the far-field and reduce computational time
for the simulations, infinite PEC ground plane in which the horn is flushed, and a wave port excitation
to excite the TE;9 mode. The resulting aperture size is 1.27x3.81 mm? with a standard WR-10 feed of
1.27x2.54 mm?. Figure 7.2 (b)-(d) show the obtained antenna patterns. In Fig. 7.3(a), the directivity, D,,
and aperture efficiency, 7r7,, over W-band are plotted with the |S1;| given in Fig. 7.3(b). As seen, typical E-
and H-plane patterns are obtained with D, = 6.8 dB at 75 GHz and D, = 8.5dB at 110 GHz. The aperture
efficiency is calculated as the effective area, A, = DoA2 /4, divided by the physical aperture area, Aphy.,
which includes the metallic wall thickness. An aperture efficiency of > 50% is maintained across the entire

W-band.

7.2 4x1 LINEAR ARRAY DESIGN

For the design and analysis of arrays various methods can be used including commonly used element pattern
multiplication, infinite array modeling, and finite arrays. Classical pattern multiplication analysis fails to
account for mutual coupling that is caused by neighboring antenna elements in an array and assumes the

element pattern is independent of the array spacing [109]. The importance of capturing mutual coupling in
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Figure 7.5: 4x1 linear array module with split machining configuration. (a) Radiator elements (b) Top view
of half-way split showing phase matched lines for waveguide flange. (c) Front view of the antenna module.
(d) Flange view of antenna module.

the analysis of arrays is to observe scan blindness caused by the excitation of surface waves across the array
when steered from bore-sight for tightly coupled arrays.

The simulation of the single radiator in Section 7.1 over an infinite ground plane fails to account for
mutual coupling. Additional computation of the active element pattern with an element simulated in infinite
array conditions. In Fig. 7.4(a), |S;| of a single antenna element pattern over an infinite ground plane from
Section 7.1 is compared to the active element reflection coefficient from an infinite array to the 4x1 finite
array. As seen, the infinite array antenna has a closer comparison to that of the finite array.

Figure 7.5 shows the model of a 4x1 linear array that is designed to allow for split block fabrication.
Phase matched lines shown in Fig. 7.5(b) are used to branch out from the 4X1 linear array input to be fed
by a custom flange with overlapping alignment holes of a standard WR-10 waveguide flange. Front and rear
views of the linear array split block module are shown in Fig. 7.5 (c) and (d), respectively. Limitations in the
split block machining fabrication of the 4x1 linear array are reflected in the aspect ratio of the wall spacing

between the array elements to the wall height. With typical machining for W-band device fabrication, the
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Figure 7.6: Simulated directivity patterns of the 4x1 linear array patterns for (a) 75, (b) 92.5, and (c) 110 GHz
at zero scan angle. The dark blue curves indicate E-plane cuts, and light purple curves indicate H-plane cuts.
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Figure 7.7: Simulated directivity patterns of the 4x1 linear array patterns for (a) 75, (b) 92.5, and (c) 110 GHz
ataf, = 25° scan angle. The dark blue curves indicate E-plane cuts, and light purple curves indicate H-plane
cuts.

aspect ratio is desired to be > 2:1 which reduces the risk in fracturing the wall during fabrication. The design
of the array is set to a wall height and width of 1.91 mm and 0.89 mm, respectively, which results in an aspect
ratio of 2.15.

The 4x1 linear array pattern is calculated first using the simulated active element pattern in an infinite
array. In Fig. 7.6, the active array principal patterns for ¢ = 0° and ¢ = 90° at 75, 92.5, and 110 GHz are
shown. The maximum directivity of the array is given by the highest frequency of operation at 16.3 dB at
110 GHz, 15.1dB at 92.5 GHz, and 13.9dB at 75 GHz. In Fig. 7.7, the array is scanned to 6, = 25° with
corresponding directivity of 13dB, at 110 GHz, 13.3dB at, 92.5 GHz and 13.3dB at 75 GHz. It is worth
remembering the directivity of the antenna varies over scan angle typically characterized with the scan loss

given by [110]
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Figure 7.8: Scan loss versus scan angle for 4x1 linear array. Scan loss increases as frequency and scan angle
increase due to the element pattern being more directive.

[}

D(6,)

Scan Loss (dB) = 101og (7.1

where D, is the maximum directivity boresight and D(6,) is the maximum directivity scanned at 6,. In
Fig. 7.8, the scan loss versus scan angle for 4x1 linear array is shown for various frequencies. At the
maximum frequency the scan loss increases due to the element pattern directivity increasing as the electrical

size of the aperture increases.

7.3 4x1 LINEAR ARRAY MODULE

To allow experimental characterization of the 4x1 linear array, as shown in Fig. 7.9(a), four additional WR-10
components are integrated with the array. The linear array is corporate fed by two 2-way splitters used as a
4-way splitter. The performance of a single 2-way splitter (Section 6.3) shows low loss, as expected from a
waveguide component. In addition to the splitters that are compatible with the custom waveguide flange on
the antenna array, the array module can be configured with an optional delay line module to scan to 6, = 25°.
The split block can be seen in Fig. 7.9(b). The fabricated module in Fig. 7.10 show various views of the

antenna module. The module was fabricated by split block machining in aluminum. The input of the module
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Figure 7.9: (a) Array module with split machining configuration. Module includes: array, delay lines, 2-way
splitter (X2), and single 2-way splitter. (b) Split view of module showing inside waveguiding structures.

(a) (b) (©

Figure 7.10: Fabricated array module with split block aluminum. (a) Top view of array module for sizing.
(b) Front oblique angle of array module. (c) Rear angle showing single, WR-10 input.

contains a standard WR-10 flange.

Antenna gain measurements for the 4x1 linear array module are shown in Fig. 7.11 and are compared
to simulated results. Reduction in the gain are due to the conduction losses in the module. Boresight gain
versus frequency is shown in Fig. 7.12. Using the delay lines for a 8, = 25° scan angle at 85 GHz behind the

antenna array element, the measured scanned beam is shown in Fig. 7.13.
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Figure 7.11: Measured and simulated gain patterns of the 4x1 linear array for (a) 75, (b) 92.5, and (c)
110 GHz at zero scan angle.
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Figure 7.12: Measured and simulated gain boresight gain versus frequency of the 4x1 linear array.
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Figure 7.13: Measured and simulated gain pattern of the 4x1 linear array at 85 GHz at a 6, = 25° scan angle.
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Figure 7.14: (a) Antenna patterns for multiple simulated trials for a scan angle of ¢ = 0° at 92.5 GHz. (b)
Mean patterns (solid) with 95% confidence intervals (dashed) for both the correlated and non-correlated.
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7.4  STATISTICAL ANALYSIS OF AN ACTIVE ARRAY USING A 4X1 LINEAR ARRAY

This section presents the analysis of linear array pattern degradation on random errors associated with
variations in semiconductor processes. Any state-of-the-art III-V semiconductor research-level process
can provide large variations in both magnitude and phase response of transistor gain across a wafer. It is
well known that this affects beam pointing in the far-field, increased side lobe levels, affecting the overall
performance of the array.

In continuation from Section 6.3.2 and model represented by Fig. 6.12, the simulation method using the
variations in magnitude and phase of S,; that have been measured and shown previously in Fig. 6.13. For

the following simulations, it is assumed that one amplifier is placed behind each radiating antenna element
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Figure 7.15: Comparison between non-correlated and correlated for beam pointing error and side lobe levels.

for the 4x1 linear array. The selection of the amplifier behind the antenna is uniformly distributed such that
each amplifier is equally probable of being selected for the antenna element. The far-field simulation data
for the antenna in Section 7.3, is also used in conjunction with on-wafer measurements.

Similar to Section 6.3.2, numerous iterative trials are ran such that the simulation reaches convergence
in statistical far-field parameters. In Fig. 7.14(a), multiple antenna patterns are plotted for a scan angle
of Yy = 20° at 92.5GHz. The mean patterns with 95% confidence intervals for both the correlated and
non-correlated cases far-field patterns at y = 0° are shown in Fig. 7.14(b).

In addition, simulations are ran over multiple scan angles for the 4x1 linear array. The scanned far-field
simulation data is used for the statistical simulation. In Fig. 7.15, a comparison between correlated and non-
correlated data for far-field parameters is shown over a scan angle of ¢ = 0° —40°. In Fig. 7.15(a), the mean
beam pointing error is shown with approximately 1° difference between the two data sets. Figure 7.15(b)

shows the mean side lobe levels between correlated and non-correlated cases.

7.5 PrLANAR PHASED ARRAY FOR HiGH ERP APPLICATIONS

In this section the analysis is extended to planar phased arrays. Using the radiator element in Section 7.1 in
planar configuration, an analysis is performed of the required array elements based on current state-of-the-art
solid-state output power designed in GaN-on-SiC processes.

Figure 7.16 shows the contour plot for the ERP for number of array elements and element power at

122



Element Power (W)

Array Elements

2 4 6

ERP (kW)

Figure 7.16: Contours for ERP given array element and element power the ERP is calculated at 92.5 GHz
using 1 dB insertion loss for MMIC-to-waveguide transistions.

92.5 GHz given a 1 dB MMIC-to-waveguide loss and single element directivity of 7.66 dB. Corresponding
DC power consumption of arrays given by an element amplifier with a gain of 12dB and PAE of 10% and
20% are shown in Fig. 7.17 and Fig. 7.18, respectively.

The principal patterns for a design from each of Chapters 3 to 5 are shown in Fig. 7.19. The planar array
is sized such that the it reaches kW-ERP. ERP is calculated at 92.5 GHz approximating a 1 dB loss for the
MMIC-to-waveguide transition. The principal patterns are shown for a 5x4 planar array at 92.5 GHz using
Qorvo GaNO09 I'-gate single-ended design in Section 3.1 operating at 0.979 W output power. For the Qorvo
GaNO09 T-gate serially combined design from Section 4.3, the patterns are shown for a 4x4 planar array at
92.5 GHz. HRL's single ended design from in Section 4.2 (c) uses a 5x5 planar array with the PA operating

at 0.49 W output power.
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Figure 7.17: Contours for DC power given array element and element power. Calculation is based off of a
12 dB gain and 10% PAE amplifier.
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Figure 7.18: Contours for DC power given array element and element power. Calculation is based off of a
12 dB gain and 20% PAE amplifier.
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Figure 7.19: (a) Principal patterns for 5x4 planar array at 92.5 GHz. (b) Principal patterns for 4x4 planar
array at 92.5 GHz. (c) Principal patterns for 5x5 planar array at 92.5 GHz.
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7.6 CONCLUSION

In summary, this chapter focuses on the analysis of W-band arrays under statistical variations by using
the design of a 4x1 linear array. Measurements of the designed 4x1 linear array module are presented at
bore-sight and a scan angle of 6, = 25°. Statistical simulations are preformed using measured, on-wafer
data and a 4Xx1 linear array to predict far-field patterns. In addition, an analysis for predicted results through
simulation of the capability using state-of-the-art W-band amplifiers for high ERP applications is presented.

The contributions of this chapter are summarized in [105].
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8.1 SumMMARY

In summary, the focus of this thesis is the design and analysis of advanced millimeter-wave MMIC power
amplifiers for high effective radiated power (ERP) aimed to fill the need of the increasingly important
millimeter-wave applications above K, -band in the military and commercial sector. Recent advances in GaN
technology operating at millimeter-wave frequencies have brought forth W-band capable processes. The
three different commercial GaN processes in development by Qorvo and HRL (Boeing/GM), are compared
in terms of bandwidth, power, efficiency and gain of W-band power amplifiers: the Qorvo GaN09 90 nm
V-band I'-gate and W-band T-gate processes, and HRL’s T3 40 nm process. Process metrics and performance
based off of non-linear EEHEMT and Angelov transistor models for each process are presented and steady-
state thermal analysis for each of the processes is summarized. Analysis of power combining efficiency and

degradation in power combiners and phased arrays caused by GaN-on-SiC semiconductor process variations



is presented.

Specifically, the contributions of the research described in this thesis are as follows:

o In Chapter 3, two W-band power amplifier MMIC designs are presented in detail in single-ended and
balanced configurations. Using Qorvo’s GaN09 I'-gate V-band process, high power is achieved up
to 93 GHz and the shortcomings of using this technology above its designated operating frequency
is presented. Simulation results predict 1 W and 2 W of output power from the single-ended and
balanced amplifiers, respectively, with single digit efficiency. On-wafer measurements of the S-
parameters match simulated performance trends with a reduction in gain due to processing issues
which are currently being corrected by Qorvo. The results were communicated in [82,105]. As of the

writing of this thesis, we are expecting refabricated MMICs.

e In chapter 4, two W-band MMIC designs with improved bandwidth at the expense of output power
are implemented in Qorvo’s GaN(09 T-gate process. The improvements in the designs compared to
those of Chapter 3 include quasi-distributed elements that decrease MMIC footprint, and two power
combined topologies (balanced and serial). An investigation of improved combining efficiencies
through modeling of Lange couplers at millimeter-wave frequencies is presented. Additionally, stability
analysis considerations under process variations is presented. The results from this chapter are

presented in [105].

o In Chapter 5, the design of a full W-band MMIC power amplifier using HRL’s T3 40 nm process
will be presented. A unit power amplifier in balanced configuration predict the widest bandwidth and
highest power using solid-state technology. This work supports DARPA’s GaN maturation program

which is viewed of critical importance to national security.

e In Chapter 6, an investigative look of power combining for on- and off-chip is discussed. The analysis
of efficiencies distributed from the device level, on-chip reactive in-phase parallel combining, on-
chip PA architecture, and off-chip corporate combining is shown. The results from this chapter are

presented in [105].
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o In Chapter 7, a system level analysis for W-band spatial power combining is presented with the goal
in achieving kW ERP at W-band. The analysis of combining efficiencies from Chapter 6 is extended
to spatial power combining of variations presented in Chapter 6. Results of a 4x1 linear waveguide
horn array at W-band is presented with analysis for a planar array. The results from this chapter are

presented in [105].

In addition to W-band solid-state transmitters, other relevant microwave and millimeter-wave components

were investigated although they are not described in dissertation:

e Prior to the contributions in advanced W-band MMIC PA design, lower frequency 10 GHz GaN PAs

for radar with increased spectral confinement were reported in [111].

e For microwave and millimeter-wave front-ends, isolation between transmitter is necessary. In addition
to microstrip ferrite circulators design using commercially available ferrites with a new co-design
approach, new types of integrated circulators in GaN MMIC processes are designed with self-biased
iron-cobalt (FeCo) nano-wires. These are for the first time demonstrated at X-band frequencies. The

results from this work are reported in [112-116].

8.2 FutureE WORK

There are many areas of research where this work can be continued:

e First and foremost, additional large-signal measurements of the fabricated MMIC PAs presented in
Chapters 3 to 5 are required. A thorough comparison of Qorvo millimeter-wave processes and HRL T3
process will further close the loop on the current state-of-the-art in W-band MMIC power amplifiers.
In addition, the amplifiers presented in Chapter 5 considered the single-ended and balanced approach
for the USSPA design. Further consideration for the USSPA design to be used in serial configuration
to further boost is a consideration for the next MMIC fabrication run. An example of a X3 serially

combined layout is shown in Fig. 8.1.
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Figure 8.1: Example layout for a serially combined of the USSPA design from Chapter 5 using HRL T3’s
process.

o The next obvious step from a single MMIC PA is the develop the packaging associated with it. For
space constrained applications, this includes addressing space limitations with a thermal solution for
a phased array system. For a planar array, stringent space constraints are imposed for a stacked, linear

array such as the one presented in Chapter 7.

o Asdesigns from Chapters 3 to 5 continued to get refabricated, new spread of wafer data with more data
and improved yield from GaN maturation and repeated analysis from Chapters 6 and 7 with hopeful

improvements of both, power combining efficiency and far-field patter.

This thesis is primarily focused with the design of GaN technology PAs. The PA is only a single block

in the transmitter front-end chain. The various other components of the transmitter such as oscillators,
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Figure 8.2: (a) A block diagram a multiplier high-source is shown. The diagram shows the various
components needed for a high-power microwave variable microwave source. (b) Area for research includes
which order of i to reduce phase noise in microwave sources.

multipliers, and mixers designed into millimeter-wave research processes are additional future works. For
microwave sources requiring oscillators and multipliers, research in the MMIC design using state-of-the-art
millimeter-wave process can be performed with research into the trade-offs. In Fig. 8.2, a block diagram for
a multiplier high-source is shown. An investigation into several architectures in terms of (a) output power,
(b) total conversion efficiency, (c) isolation, (d) phase noise and (e) wafer footprint, based on the order of
the solid-state multiplier chain. The microwave power source MMICs would include voltage controlled
oscillators (VCO) at W-band, as well as a VCO at a lower frequency with an active multiplier, with the
multiplication factor determined by a trade-off study.

In addition to the multiplier, in order to investigate sub-harmonic LO isolation, a study of two con-
figurations can be performed: multiplier followed by W-band PA, and lower-frequency driver followed
by a multiplier, with equal output power levels sufficient to drive the final watt-level PAs. Alternatively,
lower-frequency oscillators are followed with multipliers with the goal of higher chain efficiency.

One of the main objectives in the use of frequency multipliers at millimeter-wave frequencies is to
separate the signal-generating from the amplification circuitry. This physical and electrical isolation reduces
heating from the amplifier and improves stability. Although transistor frequency multipliers do not consume
as much power as PAs, they are the primary cause of power dissipation in LO circuitry. In Fig. 8.3, the layout
that is currently in fabrication with the HRL T3 process is shown. The multiplier topology uses a K/K,-band

class-C amplifier stage to generate harmonics and is cascaded with a class-AB W-band amplifier for further
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Figure 8.3: The layout of a multiplier currently in fabrication with the HRL T3 process. The multiplier
topology uses a K/K,-band class-C amplifier stage to generate harmonics and is cascaded with a class-AB
W-band amplifier.

signal amplification. The simulated performance is shown in Fig. 8.4 showing greater than +10 dBm of output

power across W-band, with a minimum of approximately 10 dB in fundamental frequency suppression.
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(@)

(b)

Figure 8.4: (a) Frequency performance for the multiplier layout in Fig. 8.3 with +13 dBm fundamental input
power. (b) Output power at the fundamental and second harmonic versus fundamental input power for the
multiplier layout in Fig. 8.3.
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