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Abstracti— This work describes the design of a 60 GHz power 

amplifier (PA) and the possibility of implementing a 60 GHz 

power combiner with this technology. The first step will be the 

study of the technology components to analyze their behavior at 

60 GHz, where it will be performed electromagnetic simulations. 

This will allow to know the components that can be used in the 

amplifier design. The amplifier will be a class-A in order to 

achieve the best tradeoff between output power, linearity and 

efficiency. To reach more output power a power combiner will be 

designed.  
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I. INTRODUCTION 

The wireless communication sector had an enormous growth 

in the last few years due to the increasing demand of wireless 

devices [1]. Nowadays, applications such as high-speed point-

to-point data links or personal area wireless networking are 

requiring transmission data rates which cannot be performed 

by existing third-generation cellular system or wireless local 

area network (WLAN) 802.11a [1], as well as the fourth 

generation (4G) which already has data rates between the 10 

and 50 Mbit/s [2]. This led to a carrier frequency and channel 

bandwidth increase [3], as a way to improve data transfer 

speed. 

The 60 GHz band begins to attract growing interest 

worldwide because of the almost 9 GHz of unlicensed 

bandwidth, which allows extremely high data rates to be 

transmitted [3], [4]. Additionally, this frequency band has a 

huge oxygen absorption, which significantly attenuates radio 

signals with approximately 16/17 dB/km [2], as well as fog 

and rain. For that reason, the 60 GHz band is attractive for 

short-range high data rate wireless communications and for 

indoor radar applications [5]. Another advantage of the 60 

GHz frequency band is the relative short wavelength, 

approximately 5mm in free space, which allows 

unprecedented levels of integration of analog and microwave 

components such as transmission lines [2], and even integrated 

antennas into a single chip [6]. 

Recent years have seen major advances in ultra-scaled 

silicon technologies, such as digital complementary metal-

oxide-semiconductor (CMOS) and silicon-germanium (SiGe) 

Hetero-junction Bipolar Transistors (HBTs), where transistors 

have been made smaller, and as a result, fast enough for mm-

wave operations [7]. SiGe HBTs have achieved transition and 

maximum oscillating frequencies as high as fmax/fT=350/300 

GHz [8], which allows these technologies to compete in terms 

of high frequency performance to other technologies like 

Gallium Arsenide and Indium Phosphide [9]. On the other 

hand, the transistors size reduction results in a lower 

breakdown voltage [9] which limits performance [10] and 

makes the high power amplifiers a challenging block in a 

transceiver design [8]. 

This work focus is on the design of a power amplifier with 

SiGe BiCMOS 0.25 µm technology for 60 GHz applications 

where the main goal is designing the PA with the best tradeoff 

between the output power, linearity and PAE. Another goal is 

to verify if a power combiner can be implemented in this 

technology, namely if the power combiner allows to have a 

higher output power without compromising the efficiency of 

the amplifier. 

In the following section the technology study has been 

presented. In Section III the design of the PA has been 

described. In Section IV the design of the Wilkinson power 

combiner has been described. Section V concludes the 

document. 

 

II. TECHNOLOGY STUDY 

In a mm-wave Power Amplifier design is advisable to study 

the technology and its components in first place. This study 

should be done in order to fully understand the technology, 

which will make easier the selection of the better topology for 

the PA design. Additionally, the power amplifier design does 

not rely only in the schematic drawing, but also in the layout 

design. The designer expertise is essential, especially when a 

millimeter-wave power amplifier is considered. Additionally, 

part of the design constraints are imposed by technology 

limitations and rules. 

A. Active Devices 

The technology has available two type of transistors, which 

have small differences.  

Figure 1 shows the transistors IC(VCE) characteristic, where 

is possible to see that they present a forward-active from 0.3 V 

to 1.9/2 V.  

 

Figure 1: Transistor IC (VCE) characteristic. 

Stability is an important parameter in a PA, so it’s relevant 

taking this into account when studying the transistor. A two-

port device is unconditionally stable at a given frequency if the 
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real parts of input and output impedances are greater than zero 

for all the passive load and source impedances [11]. If the two-

port is not unconditionally stable, it is potentially unstable. 

This means there are some possible load and source 

terminations that can produce input and output impedances, 

resulting in a negative real part [11].  

From [11] a necessary and sufficient condition for 

unconditional stability is 
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11 22

12 21
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K= >1

2 S S
   (1) 

and 
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1 11 22B =1+ S - S - Δ >0   (2) 

The transistor stability was simulated for the maximum 

transit frequency operation, which is reached when the 

transistor is biased with VCE=1.5 V and IC=14.4 mA. The 

stability factor, K, and the additional stability factor, B1, of the 

transistor is shown in Figure 2, where it can be seen that from 

30 GHz the transistor is unconditionally stable. 

 

 
Figure 2: Stability factor and additional stability  

factor for maximum transit frequency. 

 

B. Passive Components 

At high frequencies, the circuitry has different behaviors 

than at low frequencies, making it necessary to study the 

circuit components at these frequencies. Usually, this study is 

done through electromagnetic simulations that prove the 

components electrical model at high frequencies. 

EM simulations will be done with a 2.5D simulator available 

in Momentum ADS. In order to perform EM simulations of the 

technology passive components, it is necessary to improve the 

technology profile since the available one doesn’t allow to 

simulate all passive components used in the PA. 

The 1 pF capacitor electrical model and its electromagnetic 

simulation results show different behavior, Figure 2. Through 

the electrical model it is ideal and through the EM result it has 

a resonant frequency lower than 60 GHz, so this capacitor 

can’t be used in the PA. 

 

 
Figure 3: 1 pF capacitor EM and electrical model results. 

 

The smallest inductor was simulated once in mm-wave 

frequencies it is necessary very small inductances. Figure 4 

shows a resonant frequency smaller than 60 GHz and it can be 

seen that the electrical model and the EM simulation results 

are equal to 15 GHz, so, this inductor should be used till this 

frequency. 

 

 
Figure 4: Inductor EM and electrical model results. 

 

At last, the transmission lines purpose was to obtain three 

different lines, a 50 Ω line, and two /4 lines with impedances 

of 50 Ω and 502 Ω. Table 1 presents the needed width and 

length for each line, as well as, the line matching to the 

pretended impedance and its losses. Through Table 1 it can be 

seen that there aren’t many differences between the electrical 

model and the EM simulation results. The technology 

transmission lines resemble the classical microstrip lines, since 

a transmission line with higher impedance requires a small 

width. 

 

Table 1: Electrical model and EM results. 

 

Transmission 

line 

impedance 

[Ω] 

Width 

[µm] 

Length 

[µm] 

S11 

[dB] 

S21 

[dB] 

Electric

al 

model 

results 

50 15 100 -45.2 -0.04 

50 15 658 -32.9 -0.26 

502 6 654 -33.1 -0.31 

EM 

results 

50 15 100 -44.8 -0.05 

50 15 644 -32.4 -0.33 

502 6 640 -31.5 -0.37 
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III. POWER AMPLIFIER DESIGN 

A power amplifier can be designed to deliver the maximum 

power to a load, to have maximum efficiency or to be linear. It 

can also be designed to achieve the best tradeoff between two 

or more of all of these parameters. However, the PA design 

must take into account the target application in order to fulfill 

the application specifications. 

PAs for 60 GHz must be designed with adequate linearity for 

the specific modulation scheme that is used, while delivering 

adequate output power and efficiency for long battery life [2]. 

Considering this and that the most linear amplifier class is the 

class-A, so, it will be designed a class-A power amplifier. 

A. Class-A Operation Mode 

A class-A power amplifier is a linear amplifier, since it 

works in the linear region. Therefore, the bias needs to be 

chosen in order to the amplifier work within this region. This 

is done by setting the bias voltage exactly in the middle 

between the saturation voltage, VK, and the breakdown 

voltage. Further the collector current should have a maximum 

excursion of IC max, as shown in Figure 5, where a maximum 

efficiency of 50% can be achieved. The signal’s level must not 

exceed these two limits in order to avoid the output power 

saturation. 
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Ic max
2
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Figure 5: Class-A bias point for a bipolar transistor. 

 

B. HBT in Class-A study 

The transistors were studied in common-emitter with ideal 

components in order to see the best tradeoff between PAE and 

output power that can be reached by HBTs. 

The transistor bias point was chosen in order to make the 

circuit work in class-A. The collector-emitter breakdown 

voltage is 1.9 V and the selected VCC value was 1 V. The 

current IB was selected in order to obtain half of the collector 

current maximum. 

The two kinds of transistors were studied in order to select 

the kind with best tradeoff. From this study results that the 

transistors with better tradeoff are the npn201, so, these were 

chosen. 

Then, it was performed a new study in order to choose the 

best transistor or set of transistors. In which it was considered 

the transistor input impedance and the optimum load. This 

study showed that the output power increases along with the 

size of the transistor, while the efficiency decreases with the 

size of the transistor. So, the transistor with higher output 

power is the biggest one and with higher efficiency is the 

smallest one. 

If the only criterion was the output power, the set of six 

npn201_8 in parallel would be selected, but this is not the case. 

It is important to look to other parameters like power gain, 

efficiency, input impedance and optimum load resistance, as 

well. Looking at these parameters and knowing that at the 

power amplifier end it will be a power combiner with an input 

impedance of 50 Ω, the best choice is, perhaps, the set of two 

npn201_8 in parallel. Once this set has an optimum load of 

52 Ω, it is not necessary to have an output matching network. 

Another advantage of this set, when comparing it with other 

sets of transistors, is the high input impedance. 

C. Common-emitter Vs Cascode 

Both topologies were studied with ideal components and 

with two transistors in parallel, in order to select the topology 

that has the best tradeoff between output power and efficiency. 

The common-emitter showed an output power of 8.16 dBm, 

a power gain of 5.68 dB and a power added efficiency of 

23.82% at 1 dB compression point. While the cascode has an 

output power of 6.62 dBm, a power gain of 11.19 dB and a 

PAE of 12.34%. The topology that presents the best tradeoff is 

the common-emitter, so, this was chosen, instead of cascode. 

D. Simulation Results 

The power amplifier began to be designed after the topology 

choice. Firstly, the components electrical mode were used in 

the power amplifier and it was moving forward until these be 

replaced by the components electromagnetic simulation 

results. This was done once it considerers that the EM 

simulation results are the best approach of reality. After PA all 

passive structure electromagnetically simulated it was 

obtained the results of Figure 6 and Figure 7. Where can be 

seen that these results are a bit worse than the obtained with 

ideal components. 

 

 

Figure 6: PA power results. 
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Figure 7: PA power added efficiency. 

 

However, the transistors block extraction was, just, 

considered now, and it revealed to be a bad decision, since the 

obtained results are worse than without the extraction, Figure 8 

and Figure 9. In order to get better values the VCC was 

increased to 1.2 V and it was checked that the collector-emitter 

voltage didn’t pass its’ limit. At the same time, the VBB source 

was set in order to the transistor block maintain the collector 

current. Consequently, the output power increased to 

7.67 dBm, the power gain to 1.98 dB and the efficiency 6.92%.  

 

 
Figure 8: Pa power results with transistors extraction. 

 

 
Figure 9: PA efficiency with transistors extraction. 

 

The power amplifier obtained results demonstrate small 

power gain. Although power gain is not a concerning issue, it 

was studied a way to improve it and at the same time to 

maintain the output power. This was done adding two stages 

in cascade in the amplifier, where the second stage is the 

previous power amplifier. It was considered to put a smaller 

transistor in the first stage, but it would start to compress the 

signal before the second one, due to the second stage low input 

impedance. A small transistor would need a larger load at the 

output, making it difficult to match to the second stage input 

impedance. This would result in an impedance transformation 

network with high losses. Therefore, the two stages were set to 

be equal, in order to the impedance transformation network 

have few losses. 

The transistors block extraction wasn’t considered from the 

beginning in this amplifier, as previously. When was added the 

transistors extortion the results became worse, as well. 

Therefore, it was set the VCC to 1.2 V and the collector current 

was maintained. This PA results are shown in Figure 10 and 

Figure 11. Comparing this amplifier with the one stage it can 

be seen that this one has lower output power, but it has higher 

gain and efficiency than the one stage PA.  

 

 
Figure 10: Two stages PA power results. 

 

 

Figure 11: two stages PA efficiency. 

 

IV. POWER AMPLIFIER WITH POWER COMBINING 

Power combiners (PCs) are widely used in RF and 

microwave applications. They enable the input power to be 

combined within an environment where the characteristic 

impedance is maintained. 

The power combiners are also designated as power splitters, 

because the same circuit can be used to combine or split RF 

power. The only difference is the port where the RF power is 

applied and this has to be done in opposite ports. 

Greater output power may be achieved using passive power 

combining if the insertion loss of the combiner is lower than 

the power added by summing multiple PAs outputs [12]. The  

Wilkinson power combiner was chose, since it was 

considering a passive combiner. 

A. Wilkinson Power Combiner 

The Wilkinson Power Combiner purpose is to equally 

combine the power between its input ports at the output port, 

ideally without losses. Other properties of this combiner are 

that all ports are matched, the two input terminals are isolated 

from one another, and that it is reciprocal. This means that the 

same value can be obtained either the signal is sent from one 

port to another and vice-versa. 

The Wilkinson PC is essentially a pair of 2:1 parallel 

impedance transformers which transform each 50 Ω input up 

to 100 Ω, as illustrated in Figure 12. The role of the isolation 

resistor is to terminate any odd-mode signals. The resistor R is 
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Figure 12: 2:1 Wilkinson Power Combiner. 

 

B. Simulation Results 

At first, the Wilkinson power combiner was simulated with 

the transmission lines electrical model, which showed 

insertion losses of 0.33 dB, Figure 13. 

 

 
Figure 13: Obtained S-Parameters for the  

2:1 Wilkinson Power Combiner. 

 
If the power combiner layout is equal to Figure 12, both 

entries would be very close since a 100 Ω resistor has a very 

small size. This proximity would result in the amplifiers to be 

close, as well, causing coupling between them In order to 

avoid this problem, line sections of 5 degrees were placed 

between the resistor and the entries. 

Knowing that 90 degrees corresponds to a transmission line 

length of 654 µm, so, 5 degrees corresponds to a 36 µm line. 

This is done so the signal components that pass from one port 

to another, are canceled by the components that run the entire 

combiner. Therefore, the first ones have a 10 degrees’ phase 

while the second ones are in anti-phase, i.e., a 190 degrees’ 

phase. Such combiner has insertion losses of 0.35 dB, 

Figure 14. 

 

 
Figure 14: Obtained S-Parameters of the  

power combiner with 5 degrees lines. 

 

C. Power Combiner Layout 

The power combiner layout must be studied so that the 

configuration that allows to obtain the best results can be 

found. Therefore, two types of configuration were studied, one 

with a rectangular shape, Figure 15, and another with a squared 

shape, 

 

 
Figure 15: Rectangular power combiner layout. 

 

 
Figure 16: Squared power combiner layout. 

 

These combiner have similar results, so, it was not chose 

immediately one of these combiner. Since, the power amplifier 

will be placed between a power divider and a power combiner, 

so the base will be biased from the divider’s input, and the 

collector from the combiner’s output. This led to simulate the 

power combiner with an output network, Figure 17. The 

obtained results for the rectangular shape are shown in 

Figure 18, and for the squared one in Figure 19. Through these 

results it can be seen that the rectangular combiner has a better 

input matching and input ports isolation. However, the squared 

combiner has less losses, so, it will be chosen, in order to 

obtain the maximum output power. 
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Figure 17: Power combiner’s output bias network. 

 

 
Figure 18: Rectangular combiner’s results. 

 

 
Figure 19: Squared combiner’s results. 

 

D. Power Amplifier and Power Combiner 

Now that the power amplifier as well as the power 

combiner/divider were studied individually, it is possible to 

join the three.  

The goal, here, was at the output to achieve, ideally, twice 

the output power of the amplifier. However, this is not 

possible, due to the passive components’ losses. Instead, a 

bigger value was achieved for the one stage power amplifier, 

8.58 dBm, as can be seen in Figure 20. On the other hand, a 

small power gain was obtained, less than 2 dB, which, 

seriously, affects the power added efficiency, as shown in 

Figure 21.  

This amplifier presents very small power gain with the 

transistors electrical model. Therefore, the transistors 

extraction was not used, since it was not considered from the 

beginning and would result in a smaller gain, than with the 

electrical model. 

 

 
Figure 20: Power results of the PA with  

a power divider and power combiner. 

 

 
Figure 21: PAE of the PA with a power  

divider and power combiner. 

 

 Then, it was used the power amplifier with two stages, once 

it has more power gain, in order to compare with the 2 stages 

power amplifier. In here, it was used the transistors extraction 

to fairly compare this results with the two stage PA. The VCC 

was set to 1.2 V and the VBB1 and VBB2 were set in order the 

transistors collector current to be 14.4 mA. Thus, it was 

obtained a slightly higher output power, 0.25 dBm, than in 

Figure 22, as can be seen in Figure 10. As the previous 

amplifier with power combining, the power gain decreased, 

which led to an efficiency decrease, Figure 4.17. 

 

 

Figure 22: Power results of the 2 stages  

PA with power combining. 
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Figure 23: PAE of the 2 stages PA with power combining. 

 
IV. CONCLUSION 

This work presents the design of two 60 GHz power 

amplifiers and the implementation of a power combiner. 

To achieve these goals, a technology study was performed. 

Firstly, the transistors were studied, and their DC 

characteristics were observed. From this study it can be seen 

that transistors need a base-emitter voltage higher than 0.8 V 

to start conducting. Furthermore, it was verified that transistors 

are not unconditionally stable in wideband. Secondly, the 

passive components were studied through their electrical 

model, enabling two important outcomes. The first is that 

capacitors are, almost, ideal and, the second is that inductors 

cannot be used, since they have a resonant frequency lower 

than 60 GHz. Simultaneously, transmission lines were, also, 

studied, concluding that they resemble the microstrip ones. At 

last, the passive components were studied through 

electromagnetic simulations, once it enabled the electric 

models accuracy and identified parasitic coupling between 

components. This study showed that the capacitors are not 

ideal, as shown by the electrical model. The inductors EM 

results are not too different from the electrical model ones and 

they showed that the smallest inductor should be used up to 

15 GHz. The transmission lines EM results weren’t 

significantly different from their electrical model. Concluding 

this part of the study, the electromagnetic simulations results 

were used instead the electrical models, since the design kit 

hasn’t the discontinuities’ electrical model. 

Throughout the passive components’ study, two power 

amplifiers were designed, both in common-emitter mode, one 

with one stage and, the other with two stages. Both amplifiers 

results are presented in Table 

 

Table 2: PAs obtained results. 

Topologia P1dB [dBm] GP [dB] PAE [%] Supply [V] 

Com. Emitter 1-stg 7.67 1.98 6.92 1.2 

Com. Emitter 2-stg 7.27 6.16 8.06 1.2 

 

The Wilkinson power combiner can be designed in this 

technology since it shows insertion losses of 0.6 dB, causing, 

approximately, more than 2.4 dB in the output than in each the 

input. However, the obtained results of the power amplifiers 

with a power divider and combiner show different values. This 

difference is caused by the bias networks and the input 

matching networks, which are, probably, not presenting the 

right impedance to the power combiner input and output, 

causing more losses. To prevent this, it will be necessary to 

readjust these networks, which has to be done through EM 

simulations. These EM simulations take a lot of time, affecting 

the amount of results that can be obtained in a short period of 

time. 
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