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Abstract - A 77 GHz fully-integrated power amplifier (PA) with 
50 � input and output matching has been realized in a general 
purpose 90 nm CMOS technology. In order to improve the 
output power and reduce the signal loss, a transformer and a 
short stub topology are employed respectively. The power 
amplifier achieves a saturated output power (Pout,sat) of +13.2 
dBm and 1dB compressed output power (Pout,1dB) of +11.2 dBm 
with a peak power-added efficiency (PAE) of 10.4% while 
operated with a 1.2 V supply.  
 
Index Terms - automotive radar, 77 GHz, transformers, CMOS 
millimeter-wave integrated circuits, CMOS power amplifiers, 
power combiners. 
 
 
 

I. INTRODUCTION 
 

Recently, researchers show great interest in the application 
of wireless communication in millimeter-wave (MMW) band, 
such as the automatic cruise control (ACC) and collision-
avoidance systems of 77 GHz automotive radar systems [1] 
and 60 GHz short-range high data-rate communications [2-3]. 
In a typical automotive radar system, the transceiver has to 
deliver a +10 dBm power to antenna port [4]. However the 
inevitable loss exists between the power amplifier and the 
antenna, the further improvement in output power capability 
of the power amplifier is desired. Furthermore, higher output 
power transmitted from the transceiver can also improve the 
signal-to-noise ratio (SNR), thus the detection range and the 
resolution of the radar system can be enhanced. 

Since the low supply voltage, low breakdown voltage, and 
the loss of on-chip passive components in deep-submicron 
CMOS technology, the most design-challenging RF building 
block is the power amplifier, especially at millimeter-wave 
frequencies. Those inherent drawbacks in CMOS technology 
cause the limitation of the maximum output power capability 
and efficiency. Several 77 GHz CMOS power amplifiers have 
been published [1], [8], those power amplifiers are realized in 
typical circuit topology such as common-source or cascode 
configuration. However the output power has been relatively 
low under the low supply voltage requirement of CMOS 
technology. The state-of-the-art in [9] demonstrates the high 
output power due to operating at high supply voltage, but the 
power consumption is higher than other previous works. 
Therefore it is increasingly crucial to design the more efficient 
power combining component and the low loss inter-stage 
matching network to improve the output power capability and 
efficiency of the power amplifier. 

 
 

Fig. 1. Schematic diagram of the 77GHz power amplifier  
 
In this paper, a 77 GHz power amplifier is presented by 

using a transformer-based combiner and short stub matching 
networks to alleviate those bottlenecks, and realized in a 90 
nm general purpose CMOS technology. 

The remainder of this paper is organized as follows: 
section II presents the detailed circuit diagram and design 
considerations of the 77 GHz power amplifier. Section III 
demonstrates the power amplifier measurement results and the 
performance comparisons. Finally, the conclusion is given in 
section IV.  

 

II. CIRCUIT DESCRIPTION 
 

A.  Amplifier Design 
The circuit diagram of the power amplifier is shown in Fig. 

1. It consists of three stage pseudo-differential cascaded 
common-source amplifiers. This configuration can provide 
high linearity and high output power at a low supply voltage. 
The cascode configuration provides flat IDS-VDS characteristic, 
lager output impedance and higher gain relative to those of 
common-source, but its low available output voltage swing is 
not suitable for the power amplifier operating at low supply 
voltage.  

The gate width of the NMOS in each stage is optimized 
with taking into account the trade-offs among gain, output 
power capability, and stability. Since the first and the second 
stage of the power amplifier act as pre-amplifiers, the device 
size of the transistors is designed to achieve high gain but 
moderate output power. On the other hand, in order to deliver 
high output power, the size of transistor at the last stage is 
rather wide which is 80 �m. The optimum device size is 
decided by using a load-pull simulation and load-line theory 
simultaneously.  
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Fig. 2. Typical inter-stage matching networks. 
 
The input and output matching networks are composed of 

transmission lines and transformers. Each transmission line is 
a microstrip transmission line with a 0.81 �m thick top metal 
(copper), since its simplicity on structure provides easily 
meandered in layout and greatly minimizes the chip area. The 
layout of the whole microstrip transmission lines is verified by 
electromagnetic simulators to guarantee the performance at 77 
GHz. 

 
B.   Inter-Stage Matching Networks and Power Combing 

With the conductive substrate and without an ultra-thick 
metal option (UTM) in general purpose CMOS process, the 
large loss in passive components in millimeter-wave band is a 
significant obstacle. Those shortcomings tremendously 
degrade the power gain and efficiency of the power amplifier. 
Fig. 2 shows typical inter-stage matching networks between 
the two differential amplifiers, A1 and A2, which are the first 
and the second stage pre-amplifier of the power amplifier 
respectively. The networks are designed for the impedance 
matching from the output impedance of the first stage pre-
amplifier, Zo1, to the input impedance of the second stage pre-
amplifier, Zi2. Transformers that are employed in a multistage 
amplifier can both provide a simple way for circuit biasing 
and greatly reducing chip area consumption. However, it is not 
suitable for designing an inter-stage matching network since it 
may increase signal path loss and corrupts PAE due to its poor 
coupling coefficient, which is usually less than one. 
Furthermore, series transmission lines in matching network 
also lead to loss in signal path, which not only decrease the 
gain performance but also occupy larger area.  

In this work, using a short stub topology instead of 
matching with two series lines can reduce the loss from the 
series transmission lines in signal path, and therefore enhance 
the power gain and minimize the chip area simultaneously. 

The drawbacks in the deep-submicron CMOS technology 
are the low breakdown voltage, the low supply voltage, and 
the low output impedance of transistors, which limit the 
saturated output power across a given load. Transformers 
perform the impedance transformation, differential-to-single-
ended conversion, and provide the isolation between the 
primary and the secondary windings to protect transistors.  

 
 

Fig. 3. The output matching network of the power amplifier. 
 

Therefore, applying transformers to combine power is a viable 
solution to alleviate all problems mentioned above. The 
transformer-based power combining is shown in Fig. 3 
conceptually. The amplifier cells drive the primary windings 
and the secondary windings of transformers are connected in 
series configuration. By using the isolation of the transformer, 
the primary windings operating in low voltages can protect the 
amplifier cells, and the secondary windings can sum up the 
voltages from primaries to deliver the higher output power. 
Since the magnetic flux cancellation from the oppositional line 
exists in a conventional spiral transformer, this non-ideal 
effect degrades the power transformation efficiency. The 
transformer built up by slab inductors can solve this drawback 
[5].  

As shown in Fig. 3, a 1:1 vertical transformer consists of 
two coupled slab inductors which are designed using top two 
metals to minimize the loss. This on-chip transformer provides 
a higher coupling coefficient and better area efficiency than 
the lateral one. Therefore the vertical transformer used as the 
output matching network dramatically enhances the power 
transformation efficiency and transmits much higher output 
power.  

 

III. EXPERIMENTAL RESULTS 
 

This 77 GHz power amplifier was fabricated in a 90 nm 
general purpose CMOS technology. Fig. 4 shows the die 
micrograph. The core area of 0.35×0.3 mm2 demonstrates a 
small area, which benefits from the use of a short stub 
topology and transformers. For the on-wafer testing setup, the 
measurement results are shown in Fig. 5 and Fig. 6 
respectively. Using a 1.2 V supply, the power amplifier 
provides a small signal gain of 9.9 dB at 77 GHz with input 
and output matching better than -10 dB, delivers a 1 dB 
compressed output power of +11.2 dBm and a saturated output 
power of +13.2 dBm with a peak PAE of 10.4%, and 
consumes 140.4 mW.  

Since the power amplifier draws a lot of current from the 
power supply, the supply of the power amplifier must be 
separated from other blocks. Furthermore, the power amplifier 
can operate with higher supply voltage than other blocks to 
obtain a larger output power. The 77 GHz power amplifier is 
measured with a supply voltage raised to 1.5 V as well. Then 



it provides a small signal gain of 10.2 dB at 77 GHz with input 
and output matching better than -10 dB, and delivers a 1 dB 
compressed output power of +11.8 dBm and a saturated output 
power of +14.6 dBm with a peak PAE of 10.1%, and 
consumes 201 mW. The measured output power is comparable 
to the SiGe amplifier operating at a higher supply voltage [6]. 

The measured stability K-factor and the reverse isolation 
are shown in Fig. 7. The stability K-factor is calculated based 
on the measured S-parameters. The power amplifier is 
unconditionally stable and reverse isolation is less than -30 dB 
from DC to 95 GHz while operating at 1.2 V and 1.5 V supply 
voltages. Table. I summarizes the measured performance and 
compares with the prior literatures. 

 
Fig. 4. Die micrograph. 

 
(a) 

 
(b) 

Fig. 5. Measured S-parameters of the power amplifier operating at (a) 1.2 V 
and (b) 1.5 V supply. 

 
(a) 

 
(b) 

Fig. 6. Measured large-signal parameters of the power amplifier operating at 
(a) 1.2 V and (b) 1.5 V supply. 
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(b) 

Fig. 7.  Measured (a) K-factor and (b) reverse isolation of the power amplifier 
while VDD is biased at 1.2 V and 1.5 V. 

 
 

IV. CONCLUSION 
 

A 77 GHz power amplifier in a 90 nm general purpose 
CMOS technology is presented. A small signal gain  of 9.9 



dB, a 1 dB compressed output power of +11.2 dBm, a peak 
power-added efficiency of 10.4% and a saturated output power 
of +13.2 dBm at 77 GHz have been achieved with a 1.2 V 
supply. The power amplifier consumes 140.4 mW from a 1.2V 
supply voltage and the core area is 0.35×0.3mm2. By using the 
vertical transformer to combine the power from amplifier cells 
and the short stub inter-stage matching networks to reduce 
signal loss to improve gain performance, this work is the 
highest output power and power-added efficiency of CMOS 
power amplifier at 77 GHz reported, and is comparable to 
SiGe power amplifiers. This design technique has 
demonstrated that CMOS technology is suitable for the power 
amplifier at high output power application such as 77 GHz 
automotive radar system.  
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Table. I. Summary and Comparison 

 

 [6] [7] [8] [9] [1] This Work 
Frequency 

[GHz] 77 77 77 68-83 77 77 

Psat 
[dBm] 12.5 17.5 6.3 <11 / <12 * 10.5 13.2/14.6 

Pout,1dB 
[dBm] 11.6 14.5 4.7 <7.5 / <10* 6.7 11.2/11.8 

PAE 
[%] 2.5 12.8 -- 6.5 / 6 ** 8.4 10.4/10.1 

Gain 
[dB] 6.1 17 8.5 >17.6 / >18.1 13.7 9.9/10.2 

Supply 
[volt.] 2.5 1.8 1.2 2.4 / 3.0 1.2 1.2 / 1.5 

Power 
[mW] 325 297 142.2 379 / 495 115 140.4/201 

Chip Area 
[mm2] 2.1×0.75 1.35×0.45 1.5×0.65 0.8×0.82 N/A 0.35×0.3*** 

Technology 0.12�m SiGe 
HBT 

0.12�m SiGe 
HBT 90nm CMOS 90nm CMOS 65nm CMOS 90nm CMOS 

 
*@77GHz  **@70GHz, PAE is not available @77GHz  ***without pad 

 


