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Abstract

Inspired by the huge improvement in the RF properties
of CMOS, RF designers are invading the wireless market
with all-CMOS RF transceivers and system-on-chip im-
plementations. In this work, the impact of technology scal-
ing on the RF properties of the CMOS; frequency proper-
ties, noise performance, linearity, stability, and non-gquasi
static effects, is investigated to provide RF designers with
an insight to the capabilities of future CMOS technologies.
Using the BSIM model it is found that future CMOS tech-
nologies have high prospects in the RF industry.

1. Introduction

The scaling of CMOS technologies has pushed the per-
formance of CMOS devices into limits that were thought
to be unreachable in the past. With technology scaling,
silicon CMOS is expected to became a strong candidate
for personal communication systems offering robust, high-
density, high-performance, and low-cost system-on-chip
implementations. Thus, the performance of future CMOS
technologies is expected tc challenge bipolar implementa-
tions for RE applications. In the industry, CMOS per-
formance improvements have enabled CMOS to be used
almost exclusively in some applications such as Bluetooth
(1], DECT [2], GPS [3], and WLAN [4].

In order to utilize the capabilities of CMOS, RF circuits
designers need to fully understand the impact of tech-
nology scaling on the RF performance of CMOS. In this
work, the RF performance improvement of CMOS devices
is investigated for several future technologies [5] (70nm,
65nm, 45nm) and compared to some existing state-of-the
art technologies (500nm, 350nm, 180nm, 130nm, 100nm).
The performance parameters investigated include; fre-
quency performance, high-frequency noise performance,
linearity, stability, and non-quasi static effects. The im-
provement in performance is analyzed to give the design-
ers an insight about the impact of technology scaling on
RF CMOS performance. To model the increasing non-
linearities of future CMOS devices, the BSIM4 model [6]
is used to model all of the parameters under investigation.

In Section 2, the scaling trends of the CMQOS param-
eters that directly affect the device RF performance are
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studied. The impact of technology scaling on the RF fre-
quency response of CMOS is investigated in Section 3.
The improvement in the noise performance of RF CMOS
is depicted in Section 4. The linearity and stability of RF
CMOS as technology scales down are analyzed in Section
5. Finally, a study of the onset of non-quasi static effects
in RF CMQS and how it scales with the technology is
presented in Section 6.

2 Scaling Trends of CMOS Parameters Relevant
to RF Design

The key CMOS parameters that affect the device RF
performance are: oxide thickness £,,, total gate capaci-
tance Cjy, and gate resistance R,. t,; controls the oxide
capacitance C,;, threshold voltage ¥, and transconduc-
tance g,,. On average, f,; scales down with every tech-
nology generation by 30% [5] (Figure 1(a)), thus giving
new technologies larger driving capabilities and pushing
them to higher speeds.

On the other hand, the CMOS parasitics, Cy and R,
increase by an average of 15% and 25%, respectively with
each technology generation (Figures 1(b) and 1(c)}). The
increase in parasitics limits the improvement in the per-
formance of CMOS devices with scaling.

3 Impact of Technology Scaling on CMOS Fre-
quency Response
The RF frequency parameters of the CMOS device are:
the cutoff frequency f;, maximuin oscillation frequency
Snaz, and maximum gain Gz,
3.1 The Cutoff Frequency (ft)

[ is defined as the frequency at which the current gain
of the device is unity. For a CMOS, f; is calculated by

_ 9m __9m
fi= 2% X (Cgs + Cqa) 27 % C,’ @

where Cg, and Cyq are the gate-source and gate-drain
overlap capacitances, respectively. The importance of f;
as a figure of merit for the frequency response of CMOS
devices comes from the fact that it represents the max-
imum fundamental frequency component the device can
generate.
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‘Figure 1. Impact of technology scaling on CMOS parameters.

By examining the impact of technology scaling on the
variables in (1), one can have.a rough estimate of the
fi trend for future CMOS technologies. Firstly, the gate
capacitance C, scales up by 15% for every technology gen-
eration. Secondly, due to the decrease in t,; by 30%, gm
increases by the same percentage. Hence, f; is expected
to increase by an average of 13% every technology gener-
ation.

In Figure 2, f, of a nominal gate length NMOS is plot-
ted against the DC drain current per unit width for the
different technologies under investigation. f; is expected
to increase approximately by 20% per technology gener-
ation. For a 45nm CMOS technology, a maximum f; of
200GHz is achieved, which conforms with the figures pre-
dicted by the ITRS [7].
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Figure 2. Impact of technology scaling on f3.

From Figure 2, it is also noticed that f; increases
with the technology for both low- and high-drain cur-
rents (i.e., in moderate and strong inversion regions of
operation, respectively), while at very low-drain currents
~ (sub-threshold region), the improvement in f; is not so
noticeable. This is because the increase in f; is due to the
rise in g, and at very low-currents, g,, is compensated
by the increase in Cy. However, at high currents, the gm,
term starts to dominate f;, until saturation is reached,
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where g,, starts to be independent of the current, and f;
begins to drop again by the effect of C,. i
It should be noted that the 65nm technology needs
larger values of current to start exhibiting the same in-
crease in f; as the other technologies (Figure 2). This can
be justified by the fact the Cy of the 65nm [5] technology
is scaled up more than the other technologies (as shown
in Figure 1(b)}, hence larger values of current are needed
to overcome the increase in Cj in the denominator of f;

in (1)
3.2 Mazimum Oscillation Frequency (fmax)

JFmaz 18 the frequency at which the maximum power
gain is unity. For a CMOS device, fqz is given by

e

; (2)
2+/as(Ry + Rs) + 27 f1 RgCoa

fmam =

where R; and R, are the gate and source resistance, re-
spectively, and g4, is the output conductance. From (2), it
is noticed that f..; is heavily dependent on the parasitic
resistance and capacitance of the CMQS device. Hence,
the layout of the device can significantly affect the value
of finaz, and there is no fixed trend for scaling fiqx-

Figure 3 shows the scaling of fi,q. with the technology,
which indicates that a 220GHz f,.. can be achieved for
a 45nm CMOS technology. It can also be noticed that
the increase in fpqr With scaling is not as big as the f;
case, which can be accounted to the dependence of f.x
on the CMOS parasitics (C,, Rg) which increase with
technology scaling as indicated in Figures 1(b) and 1(c).
It is also noticed that f,,,- has a similar response due to
the change in the current, which can be accounted to the
dependence of fra, o0 fi.

3.3 Mazimum Power Gain (Gg,)

The maximum power gain is defined as the power deliv-
ered by the device when both the input and output ports
are matched to the source and load impedances, respec-
tively. It sets a limit to how much power gain a CMOS
device can provide. For a CMOS device, Gar is calcu-
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Figure 3. Impact of technology scating on fmaz.
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where f is the frequency of operation of the device. From
(3}, it is expected that G, will scale similar to f;. This
fact is depicted by the simulation results of Gpqr with
technology scaling in Figure 4 for a frequency of 2GHz.
Figure 4 shows that 45nm CMOQS can achieve a Gz of
more than 25dB at 2GHz.
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Figure 4. Impact of technology scaling on (', at a frequency of

2GHz.
4 Microwave Noise Properties

There are two main sources of noise in CMOS devices;
flicker noise and thermal noise. Flicker noise mainly af-
fects the low-frequency performance of the device and is
ignorable at high-frequencies. Thermal noise is the main
noise source for RF CMOS and is dominated by the chan-
nel thermal noise, and is thus the focus of this work. A
figure of merit for the device thermal noise properties is
the minimum noise figure N Fpin. NFoin is given by

f

NFnm =1+ K= gm(Rg+Rs) : (4)

fe

99

Thus, NF,,;, is a function of the bias current and fre-
quency of operation.

In Figure 5, N Fy,;,, is plotted against the drain-source
current per unit width at a frequency of 2 GHz for the
CMOS technologies under investigation. It can be no-
ticed that N F,.,;, decreases strongly with scaling even at
low drain-source currents. For low values of bias current,
NF,.in decreases with the current until a certain point
where it will start increasing, this is the point where
gm starts being independent of I, (i.e., the device en-
ters saturation}. This trend can be justified by the fact
that N Fy.;, is proportional to \/Less/Wesp, which be-
comes smaller with technology scaling. Hence, N Fyui, is
expected to decrease with scaling giving future CMOS de-
vices a better noise performance, N F,,;, below 0.5dB can
be achieved by 45nm processes.
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Figure 5. Impact of technology scaling on N Fip,, at a frequency of
2GHz.

5 Linearity and Stability of RF CMOS Devices

In this Section the linearity and stability issues of
CMOS technologies under investigation are characterized.

5.1 Impact of Scaling on the Linearity of RF CMOS

In future RF circuits, requirements for linearity will get
severer due to the use of wideband communication sys-
tems and very high transmission frequencies. Hence, the
investigation of linearity of CMOS devices with technol-
ogy scaling is important to ensure that RF circuits built
with future CMOS processes will be able to satisfy the
expected demands for linearity. A parameter that is used
to characterize the linearity of CMOS devices is the Vips.
Vips is defined as the input gate bias amplitude at which
the first-and third-order output amplitudes of drain cur-
rent are equal. To achieve low-levels of distortion, Vips
should be as high as possible {8].

For a CMOS device, Vi pa is characterized as

Vi = /24 x 2™ (5)
Im3



where gms = 831'43/6%33. In order to find an expression
for the third-order transconductance gn,s, special distor-
tion modeling techniques should be used. In this work,
the distortion modeling presented in [9] is used to model
gma- In a CMOS device, g,,3 is given by

w 1 1

m3 = foCor—82 , (6
9m3 = o oz T (1+9f“)3\ﬁ+(%%‘-)2 (6)
where
1
fp = (Vgs"vfb_‘;b)_§vd.s
2 V. Vs 3/2 3/2
. _7(¢+ b+ V) (¢ + Van) o
3 Vap —~ Vap :
o = —— | ®)

2oz Vnorm

where Vy, is the flat band voltage, f, is a mobility fitting
function, & is the mobility-reduction coefficient [9].

Using the modeling equations (6)}-(8), Vips is plotted
for the 100nm, 70nm, 65nm, and 45nm CMOS technolo-
gies in Figure 6. Only these technologies are plotted for
the clarity of the figure. The first thing to be noticed from
Figure 6 is that Vyp3 values drop as technology scales
down, thus leading to an increase in distortion in future
RF CMOS devices. This can be justified by the fact that
Yms3 scales up in a faster rate than g,, with the technology
{10]. The second thing about Figure 6 is the shift in the
peak towards higher currents as technology scales down.
This implicates that future CMOS devices will need larger
currents to preserve linearity [11].
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Figure 6. Impact of technology scaling on V7 p3.
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5.2 RF CMOS Stability

As the scaling of CMOS technologies proceeds with de-
creasing the threshold and supply voltages, the issue of
CMOS stability needs to be given more attention. Sta-
bility considerations for RF circuits are crucial, especially
in the design of RF amplifiers. For CMOS devices to be
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unconditionally stable, the operation frequency should be
larger than the unity stability-factor frequency, fx [12].
For a CMOS device, fy, is given by

fe= Sud .
v/ 89dsRgds(gms®Rg + ds(3gm Ry + 1))

where d = Cyq/Cy and s = Cy, /C,. By inspecting (9}, fi
is expected to follow a similar trend as f; and increase with
scaling, but the presence of the /gas X g, term in the
denominator cancels out that effect (fi, 9ds, gm o< W/L).
Hence, the scaling trend of f; is mainly inversely con-
trolled by the parasitics d, s, and R,. Since these para-
sitics increase with technology scaling, then fi is expected
to decrease with scaling. Figure 7 plots fi for the tech-
nologies under investigation, and from which it confirms
that fi decreases with scaling. As a result of that CMOS

_devices with smaller feature size will have a larger uncon-

ditionallv stable bandwidth.
6

—s— 500nm
—e— 350nm
5|l —— 180nm
we— 130nm
—e— 100nm
4K —— 70nm
—— §5nm

—v— 45nm

1, (GH2)
[~

10% 10
| (WA}

Figure 7. Impact of technology scaling on the unity stabiliry-factor
frequency fk. '

"6 Non-Quasi Static Effects

The quasi-static (QS) approximation used in MOS
devices modeling assumes that the channel charge is a
unique function of the instantaneous biases, thus the
charge responds to a change in voltage with infinite speed.
For low-frequency applications, the QS assumption can be
valid because the charging delay is small compared to the
rate of change in the input signal. On the other hand, in
high-frequency RF applications, the device response time
is comparable to the rate of input signal change. This
effect is called the Non-Quasi-Static (NQS) effect. NQS
effects set upper frequency bounds to analog RF circuits
due to reduced amplifications and phase shift effects.

NQS effects are encountered in CMOS devices when the
ratio of the instantanecus inversion charge to the inversion
charge at low frequency drops below unity [13]. The onset
frequency of NQS effects is given by [14]

Heff (Vgs — Vir)

— ; (10)
2“Le_ff :

fngs=n



where n is a fitting parameter that depends on the accu-
racy required (0 < n < 1), To achieve accurate results, n
is chosen as small as possible. In this work, n is selected
to be 0.1 [13]. To investigate the impact of scaling on
the onset of NQS effects in RF CMOS devices, fngs is
evaluated for the technologies under investigation and the
results are plotted in Figure 8.
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Figure 8. Impact of technology scaling on fNQS-

From Figure 8 it is noticed that fygs increases with
the technology. This is because of the dependency of
fnvqs on 1/L%;,. From these results one can conclude
that future CMOS technologies will suffer less from NQS
effects than those with larger feature size.

As a further study for the impact of scaling on NQS
effects, fngs is normalized by dividing it over f;

(11)

When Aygs is less than 1, this means that the device
will be more likely to suffer from NQS effects during its
operation. Devices with Rygs > 1 will probably not
suffer from NQS effects, and QS modeling equations can
be used to model their behavior. In Figure 9, Rngs is
plotted against the drain current per unit width. Figure
9 confirms that future CMOS devices will less likely to
suffer from NQS effects.

7 Conclusion

In this work, it is found that the RF performance of
CMOS will improve notably with technology scaling, espe-
cially in terms of frequency and noise performance. 45nm
CMOS technology technology is expected to achieve f;
of 200GHz. On the other hand, future CMOS will only
suffer from increased non-linearities, which can bhe com-
pensated for using circuit techniques [12]. Hence, with
the down scaling of CMOS minimum feature size, CMOS
is expected to dominate future wireless applications im-
plementations.
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Figure 9. Impact of technology scaling on Ky os.
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