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Abstract - CMOS technology scaling has pushed the performance of MOS transistors into the mm-wave 
region. Indeed, 65nm and 45nm transistors have fT and fMAX values of 200 to 300GHz, enabling the 
design of mm-wave circuits in CMOS today, and promising THz CMOS integrated circuits in the near 
future. This would open-up the consumer market for various mm-wave systems such as 60GHz and 
90GHz wireless communications, mm-wave imaging for security and medical applications, radar and 
object detection, and many more. Of course, CMOS is primarily intended for high-density digital 
integration and is not optimized for analog or RF operation. Therefore, several technical barriers need to 
be overcome during the design of mm-wave circuits in CMOS, such as the low breakdown voltage, low 
power capability, stringent metal-density rules and high substrate losses. Circuit-techniques and 
architectural changes are therefore needed to circumvent these issues and to achieve acceptable 
performance in CMOS. But on the other hand, CMOS allows very high integration density where digital 
and analog can be integrated on a large chip. This allows new architectures at these high frequencies 
where digital correction is used to improve the analog performance and where multiple radios are 
integrated on a single chip to achieve beam-forming capabilities. This paper will review some of the 
fundamental challenges when doing mm-wave IC design in CMOS. 
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Abstract- CMOS technology scaling has pushed the 
performance of MOS transistors into the mm-wave 
region. Indeed, 45nm transistors have fT and fMAX 
values of 200 to 300GHz, enabling the design of 
mm-wave circuits in CMOS today, and promising 
THz CMOS integrated circuits in the near future. 
Of course, CMOS is primarily intended for high-
density digital integration and is not optimized for 
analog or RF operation. Therefore, several issues 
impede the design of mm-wave circuits in CMOS 
such as the low breakdown voltage, low power 
capability, metal-density rules and a high-loss 
substrate. Circuit-techniques and architectural 
changes are needed to circumvent these issues and 
to achieve acceptable performance.  
 
Index Terms- CMOS, mm-wave 
 
 

I. INTRODUCTION 
 
For large-volume consumer applications, CMOS 
has always been the technology of choice. 
Indeed, CMOS allows high-volume production 
and high integration-density. The demand for 
more integration is the driving force in 
technology scaling resulting in ever smaller 
transistors which in turn increased the maximum 
operating frequency of the MOS transistors. In 
the late nineties, it became feasible to design RF 
circuits in CMOS technologies; resulting in entire 
systems-on-a-chip where both digital, analog and 
RF are integrated on a single die. Today, the 
maximum operating frequency of a 65nm or 
45nm nMOS transistor exceeds 100GHz and is 
expected to increase further in the next few years. 
As such, the design of entire mm-wave systems 
on a single chip becomes possible, resulting in 
new opportunities and applications [1].  
This paper is organized as follows. Section II will 
review the performance of modern CMOS 
technologies at mm-wave frequencies and make a 

comparison with SiGe. In Section III, the design 
of passives in CMOS at these high frequencies 
will be discussed. Some concluding remarks are 
summarized in Section IV. 
 

II. MM-WAVE PERFORMANCE  
OF CMOS TRANSISTORS 

 
For a 90nm CMOS technology ft and fmax 
values of respectively 127GHz and 260GHz can 
be obtained (Figure 1). 

 
Figure 1: h21 and U of a 90nm MOS transistor. 

 
When designing mm-wave circuits, fmax is of 
greater importance than ft. Beyond the fmax 
frequency the device stops delivering power and 
is becoming passive. Both parameters are closely 
related to each other by the parasitic resistances 
of the device [2]: 
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Improving ft without increasing the power 
consumption of the device is difficult. However, 
fmax can be pushed towards higher frequencies 
by decreasing the gate resistance. In a MOS 
transistor this can be achieved by using double 
gate contacts and by increasing the number of 
fingers of the device while keeping the total 
width constant. This only has a small effect on 
the other parasitics. 
The power gain performance is closely related to 
the optimization of fmax i.e. pushing fmax 
towards higher frequencies is essentially the 
same as increasing the Mason’s Gain and 
maximum power gain. 

 
Figure 2: U and Gmax/Gmsg. 

 
Figure 2 shows the U and Gmax/Gmsg curve of a 
15µm 90nm transistor with 15 fingers. At low 
frequencies Gmax/Gmsg is substantially smaller 
than U. Up to the frequency where the curve 
reaches U, the transistor is operating in the 
conditionally stable region. The device can 
become unstable depending on the loading 
impedances. In this region the internal feedback 
of the transistor is the limiting factor of the gain.  
The frequency range beyond the point where 
Gmax/Gmsg reaches U is the unconditionally 
stable region. Here the factor that is limiting the 
power gain is the gate resistance. 
The optimum point of operation is thus at the 
right side of and close to the stability crossing 
point. At this point the device is stable and the 
power gain still comes very close to the U curve. 
An example is given in figure 3. The operating 
frequency is 100 GHz. The 15µm 90nm MOS 
transistor is biased with a DC current of 4mA, 
resulting in a current density of 0.27mA/um 

which is a common value to maximize ft and 
fmax of MOS transistors [1,2]. The initial device 
has an approximately square layout with 5 
fingers. A gain of only 5dB is obtained at 
100GHz (green curve). The next step is to 
decrease the gate resistance by increasing the 
number of fingers to 15. This results in 8dB of 
gain at 100GHz (blue curve). The last step is to 
tune-out the gate-drain feedback capacitance, 
which results in a gain of 11dB (red curve). 

 
Figure 3: Gmax/Gmsg of a 90nm MOS (W=µ15m). 

 
To tune-out the gate-drain capacitance, a negative 
capacitor in parallel with the feedback capacitor 
is used. This is achieved by adding cross-coupled 
capacitors in a differential amplifier (see Figure 
4). When this technique is compared to inductive 
tuning, several advantages emerge. First of all it 
can be applied with much smaller chip area 
usage. The second advantage is the fact that 
capacitive tuning is a more wideband technique, 
whereas inductive tuning only works for a 
narrow frequency range. 

 
Figure 4: Feedback tuning by cross-coupled 

capacitors. 



 
 

 

 
 

  
The mm-wave behavior and optimization of a 
bipolar SiGe transistor differs somewhat from 
that of the previously discussed CMOS 
technology. Both h21 and U of a 0.35µm SiGe 
technology are plotted in Figure 5. Ft is much 
higher than the one of the NMOS device (around 
251GHz), but fmax is slightly lower (210GHz). 
Moreover, decreasing the base resistance of the 
device does not result in an increase of the fmax 
(Figure 6). To explain this, one has to observe the 
expression for fmax of a bipolar device [2]: 
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At first sight, reducing the gate resistance will 
increase fmax. However, due to the device 
layout, the only way to reduce this resistance is to 
increase the emitter length. This automatically 
leads to an increase of the feedback capacitor Cµ. 
The result is no net improvement of fmax and it 
even decreases a little bit due to the fact that the 
feedback capacitance increases more rapidly 
compared to the decrease of the base resistance. 
So the best performance is obtained by a 
minimum size device. 

 
Figure 5: H21 and U of a 0.35µm SiGe bipolar 

transistor. 
 
 

 
Figure 6: Gmax/Gmsg of a 0.35um SiGe bipolar 

transistor 
 

Another problem is the location of the stability 
break point. Shifting it towards higher 
frequencies automatically results in a decrease of 
the gain at high frequencies. Moreover, it cannot 
be pushed higher than 77 GHz. If an operating 
frequency of 100 GHz is desired, the device will 
always operate in the unconditional stable region, 
relatively far from the break point. In this region 
the base resistance is the limiting factor of the 
gain, so tuning the feedback capacitance will 
have little or no effect at all. The maximum 
Gmax/Gmsg that can be achieved at 100GHz is 
approximately 7dB (with a power consumption 
of 4mW). It has to be noted that at lower 
frequencies (30GHz and below) the Gmax/Gmsg 
curve of the bipolar device reaches higher values 
than that of the MOS transistor, at least for those 
two advanced technologies. 
 

III. PASSIVES AT MM-WAVE 
FREQUENCIES 

 
At 100GHz, the wavelength in Si02 is 
approximately 1.5mm. It thus becomes feasible 
to design quarter wavelength transmission lines 
in CMOS for tuning and matching. The major 
advantage of transmission lines, compared to 
lumped inductors and capacitors, is their model-
ability. Indeed, length-scalable models can be 
derived based on measurements of various 
transmission line structures and these models can 
easily be used in de design process [2]. The 
disadvantage of transmission lines is the rather 
large chip area they consume.  



 
 
 
 

 

 

 
 

Figure 7: top (a) and side (b) view of a slow-wave 
differential transmission line. 

 
Slow wave transmission lines are a way to 
circumvent these issues and to reduce the 
required length of the transmission line. This is 
typically achieved by placing a slotted ground-
plane underneath a co-planar transmission line 
[3].  This slows down the wave since the 
capacitance per unit length increases whereas the 
inductance hardly changes as no current can flow 
through the slotted shield. As such, the wave 
velocity defined as  
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decreases.  
Fully integrated circuits preferably operate 
differentially to reduce the noise pick-up of the 
digital circuitry. For differential transmission 
lines, placing floating metal strips underneath a 
differential transmission line will also result in a 
slow-wave structure [4]. Furthermore, the 
floating shields become a virtual ground because 
of the symmetry. As such, the transmission line is 
shielded from the substrate which reduces the 
loss. Another advantage of shielded transmission 
lines is their inherent compatibility with metal 
density rules [5]. Indeed, nanometer CMOS 
processes require uniform metal density all over 

the chip. This is clearly not compatible with 
high-quality transmission lines and inductors that 
don’t want any metal nearby. 
Finally, it should be realized that the back-end 
process of CMOS is rather complex and contains 
a multitude of metals and oxides. This 
complicates the modeling and simulation of 
passives based on a finite element simulator such 
as Momentum, Sonnet... since the metal stack 
parameter values (loss, permittivity) of the metal-
stack are not easily described. Therefore, a 
measurement-based modeling approach is often 
adopted at the expense of chip area. 
 

IV. CONCLUSIONS 
 

Technology scaling has pushed CMOS into the 
mm-wave region. As such, the design of mm-
wave ICs for consumer applications becomes 
possible. This will reduce the price of mm-wave 
systems and will create new markets and 
opportunities. 
Of course, CMOS is not developed for mm-wave 
operation. The low supply voltage, lossy 
substrate and mm-wave unfriendly design rules 
impede the design. Therefore, research on both 
modeling of active and passive devices and new 
circuits and structures are needed to develop 
highly integrated mm-wave systems on a single 
CMOS chip. 
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