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ABSTRACT A new interstage matching technique is presented for design of a wide-band multi-stage
amplifier using commercial 60 nm GaN-on-silicon technology in the W-band. The proposed interstage
matching network is designed as a two-pole conjugated impedance matching approach for wideband
characteristics using low-characteristic impedance transmission lines and an optimized microstrip-coupled
line. In particular, the microstrip-coupled line provides strong resonance at the desired frequency, enabling
optimal conjugate impedance matching of both edge and intermediate frequencies simultaneously. The
implemented W-band three-stage amplifier using the proposed interstage matching technique exhibited a
small-signal gain above 14.1 dB from 75 to 103 GHz. Also, the output power between 92-100 GHz was
greater than 25 dBm, and the maximum output power at 96 GHz was 25.8 dBm. The W-band amplifier was
designed with an area of 2 mm × 1.2 mm.
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INDEX TERMS Amplifier, W-band, GaN-on-silicon, interstage matching technique, low-characteristic
impedance transmission line, microstrip-coupled line.

I. INTRODUCTION13

The W-band of 75-110 GHz has a small propagation loss14

compared to other millimeter-wave frequency bands due15

to low absorption in atmospheric environments such as16

water vapor and oxygen [1]. Therefore, it is widely applied17

to satellite communication, automotive sensors, frequency18

modulated continuous wave (FMCW) radar, and point-to-19

multipoint or multi-gigabit-per-second data rates wireless20

communication networks that require high data rates and fast21

communication systems [2], [3], [4]. However, path loss due22

to high-frequency characteristics is an issue. For this reason,23

multi-stage amplifiers of various structures for high gain and24

output power have been designed and reported using various25
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processes, such as CMOS, GaAs pHEMT, GaN HEMT, InP 26

HBT, and SiGe HBT [5], [6], [7], [8], [9], [10], [11]. 27

Recently, the gallium nitride (GaN) High Electron Mobil- 28

ity Transistor (HEMT) process has been widely used in 29

high-output power amplifiers due to its wide bandgap voltage 30

characteristics and is being applied to various applications 31

for millimeter-wave frequencies. Silicon carbide-based GaN 32

HEMTs show excellent performance not only in high power 33

amplifiers but also in amplifiers for high robustness and 34

low noise, but it is still difficult to utilize them in many 35

applications due to high process costs and low integration 36

[12], [13], [14], [15]. On the other hand, silicon-based GaN 37

HEMTs are being applied to various mm-waves because they 38

can be integrated with other circuits using a Si-based process 39

and have relatively low process costs [16], [17]. 40

Since the wideband characteristics of amplifiers are 41

advantageous for integrating various circuits using Si-based 42
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processes, many wideband technologies are being studied43

to improve the bandwidth of amplifiers such as balanced44

amplifiers [5], [6], [7] and distributed amplifiers [8], [9],45

[10], [11]. The balanced amplifier uses a wideband coupler46

or transformer to match the input and output impedances,47

making it possible to design an amplifier with excellent fre-48

quency characteristics. However, the transformer or coupler49

must have a high Q because it has a large signal loss itself,50

and it is difficult to implement them in a process such as that51

of an III-V compound with a limited number of metal layers.52

A well-known distributed amplifier is reported to have53

excellent wide-band characteristics, but multi-stage transis-54

tors are required for high gain and output power, which55

increases the complexity of the configuration with large56

DC power consumption and chip size. Since all of these57

wide-band structures of amplifiers require multiple-stages in58

the W-band due to the limited gain of a transistor, an inter-59

stage matching circuit is a very important factor in designing60

a wide-band amplifier.61

This paper presents a new wide-band interstage matching62

technique using self-resonance of a microstrip-coupled line63

(MCL) for optimal design of a W-band multi-stage ampli-64

fier using a GaN HEMT on Si process. In section II, the65

interstage matching method using transmission lines with a66

low-characteristic impedance, which is generally used in the67

W-band, is presented, and the proposed interstage match-68

ing using self-resonance of the microstrip-coupled line is69

analyzed and compared. The fabricated W-band three-stage70

amplifier is reported in section III along with measurement71

results, while the conclusions are given in Section IV.72

II. DESIGN OF THE W-BAND MULTISTAGE AMPLIFIER73

A. CONSIDERATION OF THE W-BAND AMPLIFIER DESIGN74

In this work, a W-band amplifier MMIC was designed using75

the commercially available 60 nmGaNHEMT on Si process.76

This process has a typical cutoff frequency (ft) of 150 GHz,77

a maximum oscillation frequency (fmax) of 190 GHz, and a78

gate-drain breakdown voltage of 25 V [18]. Figure 1 presents79

the simulated maximum available gain/maximum stable gain80

(MAG/MSG) as a function of frequency for the 4 × 25 µm81

HEMT with drain voltages (VDS ) of 10 V and gate voltages82

(VGS ) of −1 V. Due to limited gain around 5-7 dB available83

from a single transistor at the W-band, the W-band amplifier84

typically consists of multiple stages to obtain the sufficient85

gain required by the system.86

Figure 2(a) shows a block diagram of the W-band multi-87

stage amplifier. The W-band multi-stage amplifier consists88

of an input matching network (IMN), an output matching89

network (OMN), and interstage matching networks (ISMN).90

Since numerous ISMNs influence the overall gain and band-91

width characteristics of the multi-stage amplifier, efficient92

design of interstage matching is important. Figure 2(b) shows93

the output impedance of the previous transistor (ZISMN_out )94

and the conjugated input impedance of the next stage transis-95

tor (Z∗ISMN_in) of a 4×25µmHEMT in an ISMN from 70GHz96

FIGURE 1. Simulated MAG/MSG as a function of the frequency for a
4× 25 µm HEMT biased at VDS = 10 V and VGS = −1 V.

FIGURE 2. (a) Block diagram of the W-band multi-stage amplifier and
(b) the simulated output impedance (ZISMN_out ) and conjugated input
impedance (Z∗ISMN_in) of the 4× 25 µm HEMT for an interstage matching
network from 70 GHz to 100 GHz on a 50 � normalized Smith chart.

to 100 GHz on a 50 � normalized Smith chart. In general, 97

the ISMNs are designed for achieving conjugate matching 98

(ZISMN_out = Z∗ISMN_in). However, it is difficult to real- 99

ize optimum and wide-band interstage matching due to the 100

change in Z∗ISMN_in of reactance in the W-band from capaci- 101

tive to inductive. 102

Conceptually, if the ISMN provides complete conjugate 103

matching at two frequency points (fL, fH), it forms a two-pole 104

characteristic. Figure 3(a) shows the schematic of the ISMN 105

for the two-pole interstage matching. ZISMN_out can be simply 106

modeled as a resistor (Rds) in parallel with a capacitor (Cds), 107

while ZISMN_in is modeled as a resistor (Rgs) in series with 108

a capacitor (Cgs). This typical ISMN consists of microstrip 109

lines (TL_1, TL_2) and an MIM capacitor for DC blocking. 110
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FIGURE 3. The two-pole ISMN using the MIM capacitor: (a) schematic
and (b) impedance transformation trajectories from 70 GHz to 100 GHz
on a 50 � normalized Smith chart.

Here, the microstrip lines can be used as complex impedance111

transformers despite their simple structure [19].112

In Fig. 3(a), the characteristic impedance of the TL_1113

is Z01, whereas that of TL_2 is Z02. The electrical lengths114

of TL_1 and TL_2 are θ1 and θ2, respectively. The θ1,115

θ2, Z01, and Z02 are main design parameters. Figure 3(b)116

presents the impedance transformation trajectories of the117

ISMN using microstrip lines and the MIM capacitor from118

70 GHz to 100 GHz. The impedances at Plane_1 and Plane_2119

toward the left are Z1_L and Z2_L respectively, while the120

impedance at Plane_2 toward the right is Z2_R. The TL_1 and121

TL_2 are designed to have a low characteristic impedance122

due to ZISMN_out and ZISMN_in being in the low-impedance123

area in the Smith chart, as shown in Fig. 2(b). Typical inter-124

stage matching is realized using microstrip lines and an MIM125

capacitor. TL_1 converts ZISMN_out to Z1_L , whereas TL_2126

converts Z∗ISMN_in to Z
∗

2_R, TL_1 and TL_2 are connected by127

the MIM capacitor that separates the drain bias of the N-stage128

and the gate bias of the N+1-stage. The MIM capacitor with129

a self-resonance of 85 GHz is designed to have a size of130

18 µm×18 µm and converts Z1_L to Z2_L . The conjugate131

matching (Z2_L = Z∗2_R) at Plane_2 is achieved at fL and fH132

by the microstrip lines and the MIM capacitor.133

The simulated insertion loss for the ISMN using microstrip134

lines and the MIM capacitor is shown in Figure 4. Although135

the ISMN using the MIM capacitor provided perfect conju-136

gate matching at fL and fH, a deeper notch in the insertion loss137

due to impedance mismatch can be observed at the mid-band138

frequency between fL and fH. For a wide-band matching char-139

acteristic, the mismatch in the mid-band frequency between140

two matched frequencies cannot be excessive.141

FIGURE 4. Simulated insertion loss of the two-pole ISMN using the MIM
capacitor frequency response.

FIGURE 5. Simple equivalent circuit for the DC-block component with
self-resonance.

B. DESIGN OF A PROPOSED INTERSTAGE MATCHING 142

NETWORK USING SELF-RESONANCE OF A 143

MICROSTRIP-COUPLED LINE 144

To achieve a wide-band frequency response of interstage 145

matching with a reduced loss notch in the mid-band fre- 146

quency between the twomatched frequencies, an ISMNusing 147

self-resonance of a microstrip-coupled line was proposed in 148

this paper. In general, a DC-blocking component with self- 149

resonance, such as an MIM capacitor and MCL, can be 150

modeled as a series L-C resonant circuit as shown in Fi. 5. 151

The simple equivalent circuit of the DC-blocking compo- 152

nent with self-resonance is composed of an equivalent series 153

capacitance (Cs) and an equivalent series inductance (Ls). The 154

input impedance (Zin) of the equivalent circuit terminated at 155

an arbitrary impedance (Z1) and the self-resonance frequency 156

(SRF) can be written as follows. 157

Zin (jω) = Z1 (jω)+ Ls

(
jω + 1

√
LsCs

) (
jω − 1

√
LsCs

)
jω

(1) 158

fSRF =
1

2π
√
LsCs

(2) 159

As seen in equation (1), if the DC-blocking component 160

with SRF has sufficient Ls, the pole can be added by self- 161

resonance. Also, equation (2) shows that the SRF is deter- 162

mined by the values of Cs and Ls. The MIM capacitor 163

increases the size for a large value of Ls to add resonance, 164

which also increases Cs, making it difficult to form the 165

desired SRF. On the other hand, an MCL forms a small value 166

of Cs and a sufficiently large value of Ls simultaneously, 167
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FIGURE 6. Pictorial representation of a microstrip-coupled line
cross-sectional geometry.

FIGURE 7. Comparison of the simulated capacitance of the MCL and MIM
capacitor as a function of frequency.

FIGURE 8. Simulated capacitance of the MCL versus frequency: (a) various
widths of the microstrip lines with a fixed length of 190 µm and
(b) various lengths of the microstrip lines with a fixed width of 30 µm.

so it is easy to achieve the desired SRF. The cross-sectional168

geometry of the MCL used as the DC-blocking component169

such as an MIM capacitor is illustrated in Fig. 6. The MCL170

has the advantage of being able to obtain the desired Cs and171

SRF by adjusting the width (w) and length (L) of two parallel172

microstrip lines on the Si substrate with a thickness h of173

100 µm and loss tangent of 0.015.174

Figure 7 shows the simulated capacitance of the MCL and175

the MIM capacitor versus frequency in the rage of 70 to176

100 GHz. For fair comparison, the DC-blocking components177

were chosen to have a similar SRF of 85 GHz to the MCL178

(w = 30µm, L = 190µm, s = 3µm) and theMIMcapacitor179

(18 µm×18 µm). It appears that the MCL forms a smaller180

capacitance than the MIM capacitor at frequencies below the181

SRF such as 70 GHz but has a larger negative capacitance,182

namely a larger inductance, at frequencies above the SRF,183

such as 100 GHz. As predicted by equations (1) and (2), it is184

expected that the MCL with a smaller Cs and larger Ls than185

the MIM capacitor can add strong resonance at the desired186

FIGURE 9. The ISMN using the MCL (w=30 µm, L=190 µm, s=3 µm):
(a) schematic, and (b) impedance transformation trajectories from 70 GHz
to 100 GHz on a 50 � normalized Smith chart.

FIGURE 10. Simulated insertion loss of the ISMN frequency response
with various DC-blocking components.

frequency. From these analyses, the MCL is recommended 187

as a DC-blocking component when the ISMN is necessary 188

for the resonant to alleviate the mid-band notch between the 189

two matched frequencies. 190

Figure 8(a) shows the simulated capacitance of the MCL 191

for various widths of microstrip lines with a fixed length 192

of 190 µm in the frequency range from 70 to 100 GHz. 193

Figure 8(b) shows the simulated capacitance of the MCL 194

according to the length of the microstrip lines with a fixed 195

width of 30 µm in the frequency range from 70 to 100 GHz. 196

The MCL can easily be controlled to cause self-resonance at 197

the desired frequency by adjusting the geometric structures 198

such as the width and length of themicrostrip line. As a result, 199

VOLUME 10, 2022 93897



S. Lee et al.: W-Band Amplifier With a New Wide-Band Interstage Matching Technique

FIGURE 11. Simplified schematic of the W-band multi-stage amplifier with the proposed ISMN using the MCL.

FIGURE 12. Photograph of the fabricated W-band amplifier MMIC.

compared to an MIM capacitor, the proposed ISMN using an200

MCL can easily form the desired SRF depending on the size201

of a transistor, which is advantageous for wide matching in202

various cases.203

Figure 9(a) shows the schematic of the ISMN using self-204

resonance of the MCL, and Fig. 9(b) presents the impedance205

transformation trajectories of the ISMN using the MCL206

from 70 GHz to 100 GHz. Unlike the MIM capacitor, the207

reactance of theMCL significantly affects matching, so TL_3208

and TL_4 have different characteristic impedance and electri-209

cal lengths from TL_1 and TL_2. TL_3 converts ZISMN_out to210

Z1_L , while TL_3 converts Z∗ISMN_in to Z
∗

2_R.211

Also, TL_3 and TL_4 were connected by the MCL212

designed to have self-resonance at 85 GHz. When the MCL213

converts Z1_L to Z2_L , it operates as a series capacitor with a214

small capacitance below the SRF of the MCL. On the other215

hand, it operates as a series inductor with large inductance216

above the SRF of the MCL. Namely, due to self-resonance217

of the MCL, the impedance trajectory of Z2_L intersects218

the impedance trajectory of Z∗2_R in the mid-band frequency219

between fL and fH at Plane_2.220

The frequency response of the simulated insertion loss221

of the two ISMNs is compared in Fig. 10. Although222

both cases form two similar matched frequencies and223

bandwidths, the ISMN using self-resonance of the MCL224

shows a flatter frequency response with smaller mis-225

matched loss in the mid-band frequency between two226

matched frequencies compared to the ISMN using the MIM227

capacitor.228

FIGURE 13. On-wafer measured and simulated S-parameters of a W-band
amplifier MMIC biased with Vg = −1 V and Vd = 10 V.

FIGURE 14. On-wafer measured and simulated Pout, gain, and
PAE-frequency responses of W-band amplifier MMIC biased with Vg = −1
V and Vd = 10 V.

III. IMPLEMENTATION AND MEASUREMENT RESULTS 229

A. IMPLEMENTATION OF THE W-BAND MULTISTAGE 230

AMPLIFIER 231

The simplified schematic of the W-band multi-stage ampli- 232

fier with the proposed ISMN using the MCL is shown in 233

Fig. 11. The amplifier consists of a three-stage cascade with 234
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TABLE 1. State-of-the-art W-band GAN amplifier MMICS

4× 25 µm transistors of a common source structure (Tr_1,235

2, 3). The IMN and OMN are composed of broad microstrip236

lines with low characteristic impedance (TL1, TL4) and the237

MIM capacitor (C1) for DC blocking. Also, the IMN and238

OMN provide 50 � matching of the high end of the band239

and gain roll-off at the low end of the band. The ISMNs240

are implemented by the proposed interstage matching tech-241

nique using the MCL and broad microstrip lines (TL2, TL3).242

The gate and drain bias circuits are simply designed using243

a resistor (Rg) and quarter-wave short-circuited stubs with244

an additional radial stub attached to the broad microstrip245

lines. Also, there were several bypass capacitors (C2,3,4) to246

improve the low-frequency stability. A W-band three-stage247

amplifier was implemented in commercial 60 nm GaN-on-248

silicon HEMT technology. Figure 12 shows a photograph of249

the fabricatedW-band amplifierMMIC. The chip dimensions250

are 2 mm × 1.2 mm including RF and DC pads.251

B. MEASUREMENT RESULTS252

The on-wafer S-parameter measurement of the fabricated253

W-band amplifier MMIC was performed using an R&S254

ZVA50 vector network analyzer extended byR&SZVA-Z110255

frequency converters. Due to the operating frequency range256

of the frequency converters, the small signal measurement257

was limited between 75 GHz and 110 GHz. The measured258

S-parameters compared to the simulation results are depicted259

in Figure 13. The W-band three-stage amplifier with a gate260

voltage (Vg) of−1 V and drain voltage (Vd ) of 10 V provides261

a small-signal gain greater than 14.1 dB from 75 to 103GHz262

and reaches a peak of 17.5 dB at a frequency of 96 GHz.263

The agreement between the measured and simulated results264

is good in the W-band.265

The on-wafer continuous-wave (CW) large-signal perfor-266

mance of the W-band amplifier MMIC was measured with267

Keysight W8486A power sensors for input and output power268

sensing. An R&S SMF 100A signal generator extended by an269

R&S SMZ110 frequency multiplier and a SAGE Millimeter270

SBP drive amplifier module was utilized to apply a suffi-271

cient input power at the MMIC. Losses of probe tips and272

waveguide components such as a coupler, bend, and straight273

were compensated in the measured results. Figure 14 presents274

the measured output power (Pout ), gain, and power-added275

efficiency (PAE)-frequency responses of the W-band three-276

stage amplifier with a constant input power of 13 dBm. The277

output power and PAE between 92 and 100 GHz were above278

25 dBm and 13% over the gain of 12 dB, respectively. The 279

maximum Pout of 25.8 dBm was achieved at a frequency 280

of 96 GHz. 281

The measured results of the W-band amplifier MMIC are 282

summarized and compared to state-of-art W-band amplifiers 283

using the GaN-on-SiC and GaN-on-Si processes, with results 284

shown in Table 1. Our W-band three-stage amplifier MMIC 285

had a wider gain bandwidth than mostW-band GaN amplifier 286

MMICs except that in a previous study [14]. However, the 287

previous MMIC [14] showed a peak gain of 28 dB and a 288

minimum gain of 13 dB, with a gain deviation of 15 dB. 289

Our measured results show a similar bandwidth to a previous 290

result [12] but with a relatively small gain deviation of 3.4 dB. 291

Although ourMMIC does not combine to increase the output, 292

it shows a wide bandwidth and small gain variation. 293

IV. CONCLUSION 294

A wide-band interstage matching technique composed of 295

low-characteristic impedance transmission lines and an 296

MCL was proposed and successfully applied for design 297

of the W-band three-stage amplifier and fabricated in 298

a commercial 60 nm GaN-on-silicon technology. The 299

W-band amplifier shows a small-signal gain above 14.1 dB 300

from 75 to 103 GHz and a saturated output power above 301

25 dBm from 92 GHz to 100 GHz. The proposed wide-band 302

matching technique is expected to be useful for wideband 303

amplifier designs, specifically for millimeter-wave appli- 304

cations where low-characteristic impedance transmission 305

lines and MCLs have been favorably utilized as practical 306

dimensions. 307
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