ISSCC 2015 / SESSION 1 / PLENARY /1.3

1.3 Analog CMOS from 5 Micrometer to 5 Nanometer

Willy Sansen
Professor Emeritus, Katholieke Universiteit Leuven, Leuven, Belgium

1.0 Introduction

The most important application of ICs, today, is most probably the Internet-of-
Things. It involves sensor nodes and communications at the lowest-possible
power levels. Similar low power levels are required for the next-generation
smart-phones as images and video become increasing requirements, in
phone, body-worn, and automotive applications. Whatever technology is used,
portability requires reduced power consumption.

Analog CMOS in 5 Micrometer technologies dates from the seventies as
shown by Moore’s Law (Figure 1.3.1). In early chips, Analog circuits were
dominant; as time progressed, digital became more prevalent, such that at 5
Nanometer it will overwhelm. Yet, Analog circuits traditionally establish the
interface to Digital. Thus, they must be realized in mainstream digital
technologies, and correspondingly, are forced to conform to evolving Digital.
Note that in Figure 1.3.1, the projections to 10nm and 5nm in 2016 and 2020,
respectively, are highly dependent on the success of various competing
technologies. Which of FinFETs [1,2], FD-SOI [1,2], SiGe [5], or other
alternatives, ascends, is still a matter of current conjecture: A comparison will
be given in Figure 1.3.16 .

Small channel lengths allow very high f; values, such as 300GHz at 28nm, and
1.4THz at 10nm as shown in Figure 1.3.2. Velocity saturation has become the
most dominant limitation. On the other hand, communication channels now
require linear amplifiers and filters of up to 100MHz, and more than 1GHz in
the near future. Note that these requirements are still low with respect to the
high f; values potentially available.

At the same time, relatively low baseband frequencies in combination with low
supply voltage, will allow the transistors of analog baseband circuitry to
operate in moderate or weak inversion. In the new EKV/BSIM6 models, the
parameter Inversion Coefficient (IC) is used to measure how deep in weak
inversion a MOS transistor operates. Moreover, an optimum operating region
can be found, which depends on the actual channel length. This is examined
in the next Section 2.0 of this paper. Section 3.0 provides an overview of all
design tricks used to reduce power consumption. Well-known examples are
the use of negative resistance and negative capacitance. Negative resistances
cancel positive elements, thereby leading to lower power consumption. Also
noise- and distortion-cancellation are discussed. Section 4.0 discusses
digitally-assisted analog, especially for ADCs. Switching amplifiers are added
as well. Finally, in Section 5.0, an excursion is taken towards 5nm
technologies: FinFET and FD-SOI realizations are compared down to 10nm
channel lengths. Vertical nanowire FETs are introduced down to 5nm. While,
currently, a first inspection shows that only discrete devices can be used, it is
encouraging to note that their I-V characteristics differ little from known ones.
Further, it is demonstrated that conventional analog design techniques can still
be adopted albeit at much higher frequencies.

2.0 The Inversion Coefficient (IC) as a Design Parameter

A single-transistor amplifier biased at {Vgs-V; = 0.2V} yields a Gain-Bandwidth
Capacitance over Current product of about 1500MHzpF/mA [6]. This value of
{Vgs-V1} of 0.2V corresponds to an IC of about 10, as explained next.

The transistor model used is the newly developed BSIM6 model, derived from
the previous EKV model [7]. It still includes the well known Shichman-Hodges
model [8] in the mid-current region, but extends to weak inversion for low
currents and velocity saturation for high currents. The current Iy is
normalized to a specific value |y, which yields IC as indicated in Figure 1.3.3.
The overdrive voltage {Vgs-Vy} is normalized as well, towards v (as noted on
the right side of Figure 1.3.3. Further, the relationship between v and IC (noted
on the left side of the figure) is plotted in Figure 1.3.3. It is a very basic
relationship, as it does not depend on the channel length, thus maintaining
validity for 5nm V-FETs.

The curve in Figure 1.3.3 also shows that negative values of {Vs-V;} are easily
obtained for low values of IC. For example, in Figure 1.3.4, the minimum

supply voltage is shown versus GBW (Gain-Bandwidth Product) for a CMOS
inverter amplifier, in which the minimum supply voltage equals 2Vgs. Already
in 45nm CMOS, a 1GHz amplifier consisting of a simple CMOS inverter can
have a lower supply voltage than a 0.5V operational amplifier [9]. As a result,
more and more amplifiers and filters in ADCs and other low-frequency circuits,
replace operational amplifiers by CMOS inverters, which offer the advantages
of working at lower power levels and at lower supply voltages.

The Inversion Coefficient (IC) is an excellent parameter for design. The curves
of the ;0,/lps product are shown in Figure 1.3.5 [10]. This latter product
combines speed, noise, and power consumption in one single Figure-Of-Merit.
Itis used for comparison of performance of many amplifiers including receiver
LNAs. Further, it is the best FOM to guide analog designers in their choice of
the biasing point of a transistor in the signal path.

In Figure 1.3.5, it is shown that down to 65nm CMOS, the strong inversion
region is present in the middle with weak inversion on the left, and velocity
saturation [6] on the right. In velocity saturation, the transconductance
reaches its maximum value of WG,V in which v is about 100km/s.
However, in BSIM6 v is represented by A = Lg,/L. This new parameter is the
normalized channel length in which L, is about 20nm. The cross-over value
of IC between strong inversion and velocity saturation is reached for
IC = 1/(Ag)% For 65nm CMOS, A is about 0.3 and this cross-over value is
about 10. When IC = 1, the value of fy is frg. It is clear from the curves on
Figure 1.3.5 that several important observations can be made, as a result of
using 1C rather than {Vg-V4). Thus, it is clear at 65nm that the optimum
biasing values of IC are between 1 and 10. For lower values of IC, f; decreases
considerably, whereas for higher values than 10, the g,,/I,s goes down steeply.
For various channel lengths, the optimum values of IC shift to even deeper
weak inversion. Thus, for 20nm CMOQS, the optimum IC is still unity but for
5nm CMOS the optimum IC decreases to about 0.06. The corresponding
values of A¢ and frg,; are given as well (at the upper right of Figure 1.3.5). Note
that for smaller channel lengths, the maximum f;g,,/Ips product increases and
reaches about 22THz/V for 20nm CMOS. Also note that high values of the
f19m/lps product cannot be reached for high IC (or Vgs-Vy) values. The limit is
about 22THz/V at IC = 1. This limit is independent of the particular technology
used. It is clear that smaller channel lengths provide much larger values of the
fr gm/los Product, but that the optimum occurs deeper into weak inversion.
Moreover, below 20nm CMOS, the Schichman-Hodges [8] model has now
vanished completely.

Finally, the curves in Figure 1.3.5 can also be used to derive the maximum
GBW values, which can be reached in deep weak inversion. Thus, for a
single-transistor amplifier, they are easily derived directly. For a set of
two-stage Miller operational amplifiers [6, 10], GBW values are shown in
Figure 1.3.6. Note from the figure that for 65nm CMOS technology, a 1GHz
two-stage amplifier can be obtained with IC = 1; but, as technology reduces,
operation must proceed deeper and deeper into weak inversion, requiring, for
example at 16nm that IC = 0.1, deep indeed!

3.0 Circuit Techniques for Less Power Consumption

The reduction of power consumption at a specific speed of operation, is
achieved not only by proper biasing, but also by dedicated circuit techniques.
This reduction in power consumption will become even more important as
CMOS descends to 5nm, where increasingly complex systems must be
integrated on a single chip.

Of the circuit techniques to be examined, the cancellation of parasitic
capacitances is the first. It is followed by the use of negative resistors for both
higher gain and higher speed. Then, the cancellation of poles by zeros in
multistage amplifiers and by use of feedforward is discussed. Finally,
cancellation techniques for noise and distortion will follow.

3.1 Cancellation of Capacitances

The cancellation of device and other parasitic capacitances, in order to
increase speed for the same power consumption, has been tried long ago as
shown in Figure 1.3.7 [11]. The compensation capacitances depend on many
transistor parameters; however, as will be shown for MOST (rather than BJT),
cancellation is not easily achieved. A gain in bandwidth of a factor of 2 or 3 can
be readily obtained; but, beyond these values, mismatching must be kept
under control. The most successful applications are in optical receivers [12].
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These techniques can be expected to be incorporated within mainstream
amplifiers and filters, as well. Thus, they deserve more attention.

3.2 Cancellation of Resistances

Negative resistances have been employed from the days of vacuum-tube
oscillators, in which a negative resistor compensated for the loss resistance of
an inductor.  Present-day CMOS VCOs all use this principle. Negative
resistances can also be used to increase the GBW of amplifiers, as
demonstrated in Figure 1.3.8 [13]. There, the inclusion of the two transistors
MNR with sizes A smaller than unity, creates positive feedback and negative
resistors, which partially cancel positive resistances. This increases the GBW
by a factor 1/(1-A). For example, in a 65nm design, the 1260MHzpF/mA
reached for {Vgs-V; = 0 V}, is increased to 10000MHzpF/mA for A = 0.8. This is
six times better than for a single-transistor amplifier! This means that for a
given GBW and load capacitance (which indirectly sets the input noise level),
the power consumption is only one sixth of that of the single-transistor
amplifier. Even higher performance of 40000MHzpF/mA can be reached by
nesting the load current mirrors [15], without increasing the equivalent input
noise.

Interestingly, in fact, negative resistors have been used in amplifiers for GmC
filters, for a long time. They have been included in the source leads of single-
transistor configurations such as amplifiers, source followers, and cascodes,
as shown in Figure 1.3.9. They partially cancel the 1/g,, seen at the source.
Such filters achieved the highest performance reported, including power for
speed, low noise, and low distortion. It is clear that the inclusion of negative
resistors in all analog building blocks has become essential for all categories
of analog circuits.

3.3 Cancellation of Poles with Zeros

The cancellation of higher-order poles by zeros is carried out in most
higher-order filters. In three-stage amplifiers several higher-order poles can be
cancelled, leading to considerable reduction in power. Such an example is
shown in Figure 1.3.10 [16]. Two non-dominant poles are cancelled by two
zeros, yielding 14000MHzpF/mA. Several such amplifiers have been published
recently at ISSCC [17], and many design efforts are on their way. This is clearly
an area for further exploration. In all of this, attention must be paid to the
additional sources of noise, caused by reduced current levels.

Feedforward is another technique in which poles are cancelled by zeros. Quite
often however, pole-zero doublets are generated [18], which degenerate the
time response. Caution must be exerted by the designer opting for feedforward
to make sure that actual pole-zero cancellation is effectuated.

3.4 Cancellation of Noise

The cancellation of noise is not straightforward, as noise has a dimension of
power. Each additional transistor adds power and hence noise. Nevertheless,
the noise from the input transistor of an LNA can be cancelled if it proceeds to
the output through two paths of opposite phase, as shown in Figure 1.3.11
[19]. Similarly, noise cancellation can be achieved after down-conversion in
receivers [20]. Such noise cancellation techniques have not yet been fully
developed for integrated amplifiers and filters, but are expected in the near
future. They are very attractive as they touch upon the most fundamental limit
of any signal processing block, in which power is used to reach a certain SNR
at a certain speed.

3.5 Cancellation of Distortion

The most obvious cancellation of distortion is realized in a simple current mir-
ror and differential pair. Both exhibit excellent linearity for small input signals.
As well, diode-connected transistors with opposite curvature can always be
added [20] to cancel distortion. The opposite curvature within one transistor
[6] can also be used to linearize an amplifier. However, it strongly depends on
the biasing point. This is why it is difficult to reduce distortion by more than
about 10dB or so.

Full distortion cancellation can also be obtained by cross-coupling two
differentials pairs [22] provided that the biasing points of the pairs are different
according to a specific relationship between transistor sizes and {Vgg-V7} val-
ues [6]. Again, the results strongly depend on mismatch.

Finally, a particular interesting case is a filter using an operational amplifier, in
which the distortion can be cancelled by means of a negative resistance at the
inverting node [23].

4.0 Analog with Digital Assistance

Corrections of mismatch and other errors have been developed primarily for
ADCs and for RF applications. As shown in Figure 1.3.12 [24], technology is
the primary limitation for SNDR values below 55dB. For higher values of
SNDR, noise is the main limitation. Thus, improvements in technology are
expected to appear earlier for noise-limited ADCs [25], than for others.

More recently, VCO-based ADCs have been developed in which the input
voltage (or current) drives the frequency of a VCO (ICO) [26, 27, 28]. The
output frequency or pulse-width is then measured by means of a Time-to-
Digital converter, as shown in Figure 1.3.13. By this means, a more highly
digital system results, taking less area for smaller channel lengths. In the
future, both sigma-delta ADCs and PLLs will benefit from this approach, and
are expected to provide better results at lower supply voltages.

Switched-mode amplifiers [29] also provide direct input-voltage to pulse-width
conversion, as shown in Figure 1.3.14. Correspondingly, they are expected to
provide similar performance improvements at smaller channel lengths, as
available in the VCO approach.

5.0 Towards 5nhm CMOS

As channels reduce to 10nm, both FinFETs [1,2] and FD-SOI [3,4] are used to
reduce the short-channel effects that become increasingly strong for planar
bulk devices below 20nm. These devices are sketched in Figure 1.3.15. Note,
that while the FinFET has gone three-dimensional, the FD-SOI transistor
remains more planar. This allows the gate of a FinFET to surround the channel
more closely, yielding better control. This leads to less drain-induced barrier
lowering, but the three-dimensional nature of a FinFET generates more
extrinsic parasitic capacitance. Correspondingly, its sub-threshold slope is
closer to 60mV/decade, providing larger intrinsic gain g,/0q, but with larger
input-gate capacitance. A comparative table for FinFETs, FD-SOI, and SiGe is
shown in Figure 1.3.16. It is apparent that the road for FinFETs towards 5nm
is much clearer than for FD-SOI, since the latter technology will eventually
suffer from heavy short-channel effects much as does a planar bulk device
beyond 20nm.

For FinFETs and FD-SOI, offset and 1/f noise are not much worse than for
planar bulk CMOS: the use of intrinsic silicon eliminates the impact of random
dopant fluctuations on offset but the effects such as variability of the
work-function material in the gate stack that determines the Vy, need to be
taken into account. The Pelgrom Factor for bulk CMOS has not decreased
below its value for 130nm, remaining constant at about 2.5mVum [6]. Values
for FinFETs and FD-SOI devices are about half of this, as shown in Figure
1.3.17 [30,31]. Moreover, the 1/f noise of a FinFET is comparable to what is
found in planar CMOS technology.

Downscaling inevitably leads to higher parasitic capacitances and higher series
resistances. This becomes a limitation for very high-frequency applications
(such as for mm-wave), where f; and f,,, are important. Maintaining a high
maximum of fr, or of g,/Cyy, is indeed challenging for two reasons: the relative
increase of the gate capacitance as discussed above comes together with a
limitation of the g, at high inversion levels, due to the strong source
degeneration of the series source resistance. In addition, the gate resistance R,
of minimum-length devices increases significantly with downscaling. This is
due to the short gate lengths, making R, narrower, but also due to the fact that
gate lengths are smaller than gate contacts, leading to a high-ohmic
bottleneck. Below 10nm, R, must be accounted for not only at mm-wave
frequencies, but also for analog circuits such as high-speed data converters.

For low-frequency circuit design in very advanced technologies, operation at
low inversion levels is likely. At these inversion levels, the source degeneration
is not yet visible and the steep threshold slope in combination with high
intrinsic gain can yield excellent analog circuit performance at very-low power,
as discussed in Section 2.0 above.

Below 10nm, the downscaling route is more foggy. One possible way to
continue the performance improvement is to replace silicon in the channel by
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a high-mobility material such as a Ill-V compound or Germanium. However,
this does not solve the problem of contacting the gate. One possible way out
is to employ a vertical FET where the gate connection is offset from the gate
itself. Such a gate is now entirely around the channel as shown in Figure
1.3.18 [32]. An alternative device architecture, which is a less drastic change
than a FinFET, is a horizontal channel with a wraparound gate [33], leading to
even-better channel control than that of a first-generation FinFET. At the same
time, Vpp will scale down and operation in weak inversion will become even
more important.

For the future, FETs that are based on tunneling rather than on simple charge
transfer, come into the picture for generations well below 10nm, offering a
subthreshold slope that can be steeper than 60mV/decade. As well,
quantum-well devices are in sight. However, for these devices, analog
performance is still unclear.

In summary, even if one decides for some applications (such as radio) one
decides not to scale analog circuits down further, they will always be needed
for complex heavily-downscaled systems-on-chip, for interfacing, clocking,
power management, temperature monitoring, and sensing in general.

6.0 Conclusions

In our future, as usual, analog designers will continue to expand their expertise
and knowledge in response to changing needs. While devices will change their
nature and operate at higher and higher frequencies, their |-V characteristics
will remain similar. In the near term, increased speed of MOS circuits, will be
reached by operating deeper in weak inversion. Offset and 1/f noise will
continue to play a critical role. Thus, in general, it seems that analog expertise
is insensitive to technology change.

In conclusion, what can | recommend? Simply put, it is to “learn more, always
more”. After all, analog design is a discipline where science joins art. Only
more learning allows discovery of such art!
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weak inv., moderate inv. | strong inv. = Ves-Vr
1 10 i y 2nU;
v =In (eVCi- 1) : / _—
i 8 : T =KTlq
e \/E - eV +E 1 i
1 6 - L
' 1 w kT, 2
! ) = (K=—) (2n—
E E % ec = ( T ) ( q)
VesVr=0V '~
; |
r . ¢ h DS
0.01/ 1 - - 1c= s
23 spec

Figure 1.3.3: Relation v and inversion coefficient IC [7].

f 2891 _ 008 0.8 128 TH
g T = . . . z
oo /\ -
_ T _ —sat _
% rim sat= Y — Ae=—==03 1 4
Al R =20 nm 65 20 5 nm
fTsp 2
w2075 Veat 1 _22THzv
/ 65 / AN 2rnU; 2uU; IC ic
Independent of L !
M2 A2 A2 Ic
0.06 1 10

Figure 1.3.5: fT. gm/IDS for different channel lengths L [10].

; Vgat + 1/L
-
GHz \a
100 GHz
100 at 100 nm!
Save Power ? . 2
mobility | = 1/L
10
Vgs-Vr = 0.2V
‘V'
1
10 nm 40 nm 01um 1 L

Figure 1.3.2: Low-frequency design in high-fT technologies [6].

VDDmln 900 VT = 0.35 V
mv :gg ~ 45nm
/
ggz 0.5 V Opamp [9] 22 nm
400 // — 10 nm
300 /// /
200 ,///
100 1~ ——
0
10 100 1000 10000 MHz GBW

Figure 1.3.4: Minimum Vy, of CMOS inverter amplifier.

IC 10
[ Moderate
Inv i
1 00 GBW (MHz)
== 8 Nm
0.1 "/ ~ — 16 nm
/ == 32 nm
0.01 4 = 65 nm
' — 130 nm
= 250 nm
0.001 -

Figure 1.3.6: IC for different channel lengths (2 stages) [10].

DIGEST OF TECHNICAL PAPERS e 25



ISSCC 2015 / SESSION 1/ PLENARY /1.3

C, 2 depend on 6 variables !!

CL
ngS

Ces
ngL

+

Figure 1.3.7: Compensation of input capacitances [11].

iout
VIN VIN IN VIN I

Negatlve R | I Negative R |

9 99

Ampllfler
Castello 90, Hori 03

Negative R

Source foIIower Cascode

D’ Amico 06, 08 Caprio 73, Liscidini 09

Figure 1.3.9: Negative resistances in Source [14].

Gain giwrot
Compression! RL
N W
~—Vour—
“CGnoisey e Tl
 cancelled (™ { €S noise }
""""""" _,{ sets NF Rs
g tone

b

After down conversion :
low noise & blocker tolerant

Principle

Figure 1.3.11: Noise cancellation [19, 20].

O"Dg%} I)

65 nm CMOS

1 MHz
10 pF

-

.k
: o
l:|I|ZI IIIL|:l IcL

Arreeunb M

A:1 A=08 B=3

Figure 1.3.8: Symmetrical CMOS OTA with cross-coupling [13].

14000 MHzpFlmA 2nd_order pole/zero compensation

Figure 1.3.10: TCFC compensation [16].

1.E+07
T 1Es06 Limitations :
]

% |Ev0s SNDR > 75 dB
= Noi win
- oise & Swing

Pifs
1.E+03
; halves 5.4 yr
TE+02 1850C 2014
*+ VLSI2014
1.E+01 o 1SSCC 1997-2013 SNDR < 75 dB
* VLS| 1987-2013
1.E+00 - == FOMW=5fJlconv-step Techno, etc
1.E-01 5 p 3 - .FOMS:ﬂ'SuB Plfs
10 20 30 40 50 60 70 80 90 100 110 120
halves 1.6 yr

SNDR @ f;,, s [dB]

http://lwww.stanford.edu/~murmann/adcsurvey.html|

Figure 1.3.12: P/, vs SNDR [24,25].
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Figure 1.3.13: VCO based ADC [26, 27].

D

1mW (2V)
3 pJ/conv.
0.8 um CMOS

T 18 bits

o 102%%m-3
W spacer f= —
10202
Faceted Faceted
in-situ-doped in-situ-doped

Raised-source Raised-drain

v n+
T Si

Sub (p -doped 10 *®cm)

SOI FinFET FD-SOI CMOS
Figure 1.3.15: Beyond planar CMOS [1-4].
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Figure 1.3.17: FinFET vs FD-SOI for mismatch.
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Figure 1.3.14: Switched-Mode Operational Amplifier [29].
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Figure 1.3.16: FinFET (SOI) vs FD-SOI vs SiGe.
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Figure 1.3.18: CMOS Inverter with Vertical Nanowire FETs [32].
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