Figure 2-12. Layout of a rotated single-metal version of the frequency divider.
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3 Millimeter-wave push-push CMOS VCO design

3.1 Push-push oscillator fundamentals

In general, a push-push oscillator operates by delivering power to a load primarily at the
second harmonic. The output signal is generated by combining two symmetric subcircuits in
such a way that the fundamental currents cancel while the second-harmonic components add
constructively at the load. Thus, the operation of a push-push oscillator requires the generation of
current waveforms with strong second-harmonic components and the proper phasing of the
fundamental and second-harmonic current comporénts.

It can be shown mathematically that if two periodic signals are out of phase by 180° at the
fundamental frequency and are added together in an appropriate output network, all the odd
harmonics cancel themselves out while the even harmonics add constrifétifrelg. view each
subcircuit as a separate oscillator operating at half the desired frequency, the 180° phase
condition requires each oscillator to oscillate in the odd mode while quenching oscillations in the
even mode. One method to enforce the 180° phase difference is shown in Fig. 3-1, in which a
differential oscillator inherently generates two out-of-phase signals, which are then combined in

an appropriate summing network to form the second-harmonic output.

/\/ fol2
N

Differential
oscillator

/\/\/fo

R

W
U fol2

Figure 3-1. Push-push oscillator utilizing a differential oscillator.
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3.2 Motivations for using push-push oscillators

By utilizing the second-harmonic output, push-push oscillators effectively extend the usable
frequency range of the active devices and thus enable millimeter-wave design even with circuits
having a relatively low value dfiax. Several technical and practical reasons have been cited for
the use of push-push VCOs: higher available device gdifahigher resonator Q &2 due to
higher varactor Q at lower frequencies, and a more compact design compared to a VCO-doubler
architecturé? The validity of the second reason will be considered in a later section. Design of a
fundamental frequency oscillatorfatis also very compact, of course, but may be more sensitive
to process variations if it operates at frequencies fgar where the active devices can only
provide marginal gain. In addition, since a push-push VCO effectively generates two output
signals, one afy and one afy/2, the fundamental output can be used as a reference signal if the
VCO is operated in a phase-locked loop, potentially eliminating the need for a frequency
divider?* Also, due to the separation of internal and external frequencies, it is simpler to

suppress load pulling at the outptit.

3.3 Architectural considerations

In assessing the usefulness of a push-push oscillator compared to a fundamental frequency
oscillator, it is also helpful to consider various options in designing the local oscillator (LO) for a
radio transceiver. Two possible receiver architectures for a 60-GHz radio are the single-
conversion (directly to baseband or to a low-IF) and dual-conversion architéctures.

For a direct-conversion architecture, several options for 60-GHz LO generation are shown in
Fig. 3-2 below. The most straightforward approach is to use a fundamental-frequency 60-GHz

VCO. Although a 60-GHz VCO and its corresponding output buffer can be implemented in a
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Figure 3-2. Various 60-GHz LO generation methods in a direct-conversion radio architecture.

typical modern CMOS technology, designing a non-injection-locked frequency divider at this
high frequency with acceptable power consumption may not be trivial. Common-mode logic
(CML) and Miller dividers in CMOS technologies can be realized up to fairly high frequencies,
but in general have a relatively high power consumption. For example, a divide-by-four 40-GHz
dynamic Miller divider a 0.18am CMOS technology has been reported, having a power
consumption of 31 mW from a 2.5-V suppfyA static CML frequency divider operating up to

25 GHz in 0.12¢m CMOS has also been demonstrated, but it consumes 40.6 mA from a 1.5-V

supply (including the output buffety.Injection-locked frequency dividers can operate at very
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high frequencies with low power consumption, but typically suffer from limited input locking
range. For example, a 40-GHz injection-locked divider has been designed inn®.CRAOS,
consuming only 3 mW from a 1.5-V supply, but has a limited locking range of 1.5 GHe
same article also reported a 50-GHz divider consuming the same amount of power, but with a
locking range of only 80 MHz. More recently, however, a 55-GHz injection-locked frequency
divider in a 0.2am CMOS process was reported, consuming 10.1 mW from a 1.0-V supply
while providing a 3.2-GHz locking rang& This divider appears to satisfy the requirements of
relatively low power, high speed, and sufficient locking range.

Another approach is to utilize a lower frequency oscillator at 20 GHz or 30 GHz followed by
a frequency doubler or tripler. This eases the requirements on the frequency divider and reduces
the amount of frequency division necessary, potentially leading to power and area savings with
respect to the divider block. Recently, 40-GHz and 60-GHz frequency doublers have been
demonstrated in 90-nm CMGJ3%.The topology is a single-ended active doubler based on
microstrip transmission-line matching structures. The 60-GHz doubler consumes approximately
4 mW with a conversion loss of 15 dB at an input frequency of 30 GHz and an input power of 3
dBm. With this relatively low doubler power consumption, the VCO-doubler approach may yield
similar performance as the fundamental-frequency approach with comparable power. However,
since this particular doubler architecture introduces a conversion loss, this loss may need to be
compensated by increased power in the output buffer.

The push-push VCO approach utilizes the 30-GHz differential output signal that is inherently
generated by the push-push VCO. This potentially reduces the power consumption of the
frequency divider block by obviating the first divide-by-two stage (from 60 GHz to 30 GHz).

Assuming that, to first order, the push-push VCO requires the same amount of power as a
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60-GHz fundamental-frequency oscillator (or perhaps slightly more power), the requirement of
one less frequency division operation at 60 GHz may lead to an overall power savings. However,
since the second harmonic output of the push-push VCO is single ended, some extra area may be
required to perform a single-ended to differential conversion and some extra power may be
required to compensate for any loss in the conversion process. Compared to the VCO-frequency
doubler approach, the push-push approach may result in an overall power savings due to the
elimination of the frequency doubler block. An exact comparison of these various approaches is
highly topology dependent, but the qualitative analysis presented above suggests that a push-
push VCO approach has the potential to consume the same or perhaps even less power than the
other approaches. Table 3-1 provides some rough estimates of the power consumption of various
CMOS blocks for several of the LO-generation schemes, though actual values are topology and
technology dependent. These estimates are loosely based on simulations or various data reported

in the literature.

Frequency divider
Frequency multiplier power consumption
power consumption (for division down to
30 GHz)

LO power consumption

10-15 mW (for —10 dBm 10-15 mW (injection-

60-GHz fundamental single-ended output locked)
VCO power, including output
buffers)

15-20 mW (for =5 dBm
single-ended output
power, including output
buffers)

30-GHz fundamental
VCO + frequency
doubler

5 mW per doubler
(with 15 dB
conversion loss)

30-GHz push-push
. 20-25 mW (for -5 dBm
VCO (with 60-GHz ot éower)
2" harmonic)

Table 3-1. Rough estimates of CMOS power consumption for various LO generation schemes.

28

ADVANCED MICRO DEVICES, INC. IPR2023-00788 Ex. 1036, p. 518 of 645



A schematic of various LO generation options for a dual-conversion architecture is shown in
Fig. 3-3. By using a lower LO frequency, this architecture relaxes the design of both the VCO
and the phase-locked loop. As before, the push-push approach may potentially yield a power
savings since it simultaneously generates both a differential 15-GHz signal and a single-ended

30-GHz signal.

RF (60 GHz) IF (30 GHz) Baseband l\

L~

®
—®)
<

O/P buffer 40@ buffer O/P buffer
30 GHz 2™ harm.
x2

30 GHz ush-push LO
@ fund. LO @ P P

15 GHz
@ fund. LO 15 GHz fund.

To PLL

Figure 3-3. Various 60-GHz LO generation methods in a dual-conversion radio architecture.

3.4 Dependence of resonator Q on frequency of operation

A reason cited in the literature for the use of a push-push VCO versus a fundamental-

frequency oscillator is high resonator (fg2 versus low resonator Q fat which in turn affects
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the phase noise performance of the VCO. While one can expect to obtain a lower varactor Q at
high frequencies, this is not necessarily true for inductive components, where the Q-factor
increases with frequency and then decreases beyond a peak-Q frequency due to substrate loss
mechanisms. Therefore, depending on the desired resonant frequency, the resonator Q is not
necessarily lower at higher frequencies.

At frequencies approaching the self-resonant frequency of the inductor, it is possible that the
overall resonator Q & will be lower than that of a comparable resonatdg/2; due to the drop
in inductor Q at these high frequencies. In general, however, and especially at lower frequencies,
this behavior is not necessarily observed for practical L-C tanks.

A simple circuit simulation of a parallel L-C tank demonstrates the dependence of tank Q on
the resonant frequency of the tank. The effective values of L and C were adjusted to shift the
resonant frequency of the tank. To ensure a meaningful basis for comparison, a similar L/C ratio
was maintained for all cases. The inductor and accumulation-mode varactor models used in the
simulation were those provided in the design library of a commercial@nl8&ixed-signal
CMOS process. For lower frequencies, the inductive element was a spiral inductor; for higher
frequencies, the inductive element was implemented using a coplanar transmission line.
Simulation results are shown in Figs. 3-4 and 3-5.

The definition of Q chosen here is based on the frequency stability fagtodéfined as

where wg is the resonant frequency in radians/sec, @sl the phase in radians. This can be

rewritten as
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_; 7T dg
"180 df |,_

SF =
wherefy is the resonant frequency in Hertz, ani the phase in degrees. The Q-factor is then

defined as

_S
Q="

This definition is useful for circuit applications and particularly for oscillators, since it is directly
related to frequency stability.

From Table 3-1, it can be seen thatirm@reases monotonically as the resonant frequency
increases, showing that for this particular frequency range it may not be advantageous to choose
a push-push topology on the basis of Q enhancement alone. However, for the higher frequency
range shown in Fig. 3-5, the results in Table 3-2 suggest that Q begins to level off above a
certain frequency. It should be noted that these results are only qualitative, as the models
employed are not calibrated to hardware data at very high frequencies and thus are expected to
be less accurate at these frequencies. A more precise analysis would, of course, require a detailed
three-dimensional electromagnetic simulation of the inductor and capacitor. Nevertheless, it is
evident that tank Q does not necessarily degrade with frequency, and a judicious high-frequency

design should take this into consideration.
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Figure 3-4. L-C tank impedance for various resonant frequencies (lower frequency range).
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Figure 3-5. L-C tank impedance for various resonant frequencies (higher frequency range).
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L C fo Q
920 pH 930 fF 5.4 GHz 14.0
650 pH 660 fF 7.7 GHz 15.4
450 pH 460 fF 11 GHz 16.8
310 pH 310 fF 16 GHz 18.1
230 pH 230 fF 22 GHz 18.9

Table 3-2. Q-factor of various L-C tanks (lower frequency range).

L C fo Q
230 pH 230 fF 22 GHz 17.6
150 pH 160 fF 33 GHz 19.6
120 pH 120 fF 41 GHz 20.3
100 pH 100 fF 50 GHz 20.7
90 pH 90 fF 57 GHz 20.6

Table 3-3. Q-factor of various L-C tanks (higher frequency range).

3.5 Negative resistance generation and balanced VCO construction

There are a variety of ways to generate the negative resistance required to produce and

sustain an oscillation. One method is based on the source follower configuration, as shown in

Fig. 3-6. The impedance seen looking into the gate of the transistor contains a frequency-

dependent negative real part, which depends on the device transconductance as well as the sizes

of capacitors €and G. Two of these source followers can be combined appropyriatch a

resonant tank to construct a balanced VCO topology, as shown to the right in Fig. 3-6. The

differential signals generated by this VCO can then be combined in a straightforward manner to

produce a second-harmonic push-push output.
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Figure 3-6. Negative-resistance generator and associated balanced VCO topology.

3.6 Design of proposed push-push CMOS VCO

The basic schematic of the CMOS push-push VCO studied in this work is shown in Fig. 3-7.
The VCO essentially consists of two source-follower circuits with the resonant circuit connected
to the gates. A cascode stage is used to decouple the VCO core from thé®Glipstead of
usng active current sources to provide a bias current, a pair of small indugigdsigLused.
Although they require more layout area than active current sources, they do not consume any DC
voltage headroom, allow the voltage at the source;odd M to swing below ground, and also
generate less noise. The targeted fundamental frequency of oscillation is 30 GHz, and the
second-harmonic currents are summed through a pair of capacighré (@vel component of

this VCO design is the addition of the shunt inductes,+ Simulations indicate that the
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presence of Luntcan boost the second-harmonic output power and increase start-up reliability

while reducing overall DC power consumption.

Vop

Lo LO

Vcascode = VbD

Lshunt

Y

Vbias

..... :Il e ll:
| Ctank Ctank 1

X | _ | X
=_c N Al Ci0—

Rtune

Vtune
I—bias I I I I I-bias
| 1

1
Cz CZ

Figure 3-7. Basic schematic of proposed push-push VCO.

A representative plot of the differential (or odd-mode) input impedance seen looking into the
gates of M and M with the L-C tank removed is shown in Fig. 3-8, with and withaut,LFor

the sake of analysis, the input impedance has been split into two components: a parallel
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resistance, R and a parallel capacitance,. 0o ensure proper start-up of the oscillatog, R
should be sufficiently negative relative to the parallel resistance of the L-C tgpll &Rthe
fundamental frequency of oscillation, i.e.||R nRan, Wheren is a safety factor, preferably
greater than 2 or 3. At the same timg, ®hich is determined byCC,, and various parasitic
capacitances, should not be too large, which would degrade the tuning range of the VCO. Plots
of R, and G can thus serve as guidelines in choosing the values of various design parameters of

the VCO, such as{CGC,, Lpias and the width of the active devices.

180f  _

. with L hunt
. without Lanunt shun
o ioof L A
=
O
60.0f L
20.0f
00 With Lspunt |
200 A/
_ —400 |
> 600 - " without Lgpynt
—800 L
—1.0K 1 1 1 1 ]

| i
0.0 186 206 306 406 506 606
Frequency (Hz)

Figure 3-8. Differential (odd-mode) input impedance (Lot = 130 pH).

By comparing the curves in Fig. 3-8, it can be seen that one of the effecigdr the
small-signal behavior, for this particular simulation, is to boost the negative resistance near the

frequency of interest (30 GHz), which helps to increase start-up reliability. Simulations show
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that the behavior of Rdepends not only onshuns but also on the values of Bnd G. In general,

the effect of inserting dwuntis to boost Rnear the frequencies of interest. A plot gfeR30 GHz

as a function of Lunt (using an ideal inductor) is shown in Fig. 3-9, which indicates that there
exists a value of dun: that maximizes the small-signal input resistance. This valuesafi L
however, does not necessarily correspond to the value that maximizes the overall VCO output
power at the second harmonic. Using a more realistic model of the inductor, it has been observed
that the value of {uunralso affects the roll-off of Rabove 30 GHz, which may create a start-up

reliability problem. In the final design, the effective,«is approximately 120 pH.

—200
-21¢ L

—220 L

—23 with Lshunt
—240 L
-250 L

—-260 L

Ry (Q)

=270 L

—280 L .
without Lghynt

-290 L
-390 L \

—-310

L L L L L I
2.00 100p 200p 300p 400p 500p 600p

I—shunt (H)

Figure 3-9. R, vS. Lshunt at 30 GHz (using an ideal inductor).

In general, the sizing ofi@nd G represents a tradeoff betweeneRd G—increasing ¢ or
C, tends to increase the value gf Rut also increases,An the actual design,s&nd G were

implemented with metal-insulator-metal (MIM) capacitors.
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The varactors were implemented with accumulation-mode (n-FET in n-well) MOS devices.
Simulation shows that to maximize th@£Cmin ratio for Whias= 0.75 V, the varactors should be
oriented with the tuning line (¢ connected to the drain/source rather than the gate (Fig. 3-10).
However, if we add a fixed capacitance, representing the parasitic capacitance of the transistors
and tank inductor, in parallel with the varactors, this reducesthé3zin ratio and also reduces
the difference in the &/Cmin ratio due to varactor orientation. Estimating the parasitic
capacitance to be 100 fFn5/Cnin for the drain/source-connected case then drops to 1.39, while
CmaxCmin for the gate-connected case is only slightly smaller, at 1.34. To minimize the effects of
polysilicon gate resistance and n-well series resistance and thereby maximize Q, each gate finger
of the varactor was designed at the minimum recommended length and width. The varactors
were sized large enough to provide an adequate tuning range for the VCO, but not so large as to

significantly degrade the parallel L-C tank resistance at resonance.

130f '
Drain/source connected to Vine
b (Cumax/Conin = 102 fF/45 fF = 2.3)

Mot L

oot LT

N\

Gate connected to Viune
(Cmax/Cmin= 125 fF/68 fF = 1.8)

90.0f L

80.0f L

Capacitance (F)

70.0f L
60.0f |
50.0f L

40.0f L L L L L ]
2.0 .20 40 .60 .80 1.0 1.2

Viune (V)

Figure 3-10. Capacitance of varactors (two connected in series) Vguy, With Vy,s = 0.75 V.

39

ADVANCED MICRO DEVICES, INC. IPR2023-00788 Ex. 1036, p. 529 of 645



Triple-well NFET devices were used to improve the negative resistance generated by the
balanced source-follower pair. To reduce the adverse effect of gate resistance on high-frequency
performance, all transistors were designed with multiple short fingen®).1The BSIM3-based
NFET transistor model provided by the design library was used for simulations. A more
advanced high-frequency model, such as BSIM4, would probably yield more accurate results at
the frequencies involved in this design.

A small resistor, Bne Was added to help quench any unwanted even-mode oscillations by
reducing the even-mode Q of the tank. These resistors were kept relatively small to minimize the
degradation of the VCO phase noise due to the thermal noise of the resistors.

The Lyias inductors were implemented with top-metal one-and-a-half turn spiral inductors,
each with an inductance of approximately 600 pH. The self-resonance frequengys @ L
estimated to be above 60 GHz, which guarantees that dtill appears inductive at the
fundamental frequency of the oscillator.

The Ly inductors at the top of the VCO were implemented with coplanar transmission lines
having a signal width of 1am and a signal-to-ground spacing of @id. One benefit of using
transmission lines is that they have a well-defined ground return path that confines the fields and
thereby reduces magnetic and electric coupling to nearby structures. The signal width can be
adjusted to reduce the conductor loss, while the signal-to-ground spacing controls the
characteristic impedance, &and also the tradeoff between inductive and capacitive quality
factors? In order to prevent gate oxide breakdown, the maximum gate-drain voltage of all the
MOSFETs was kept roughly at or below 1.5V over the entire frequency range of operation.
Unfortunately, this constraint results in sub-optimal output power because of the limit imposed

on the voltage swing across the gate and drain of the cascode transistors.
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3.7 Center-tapped inductor design and modeling

To maximize its Q-factor and minimize its area,lwas implemented as a center-tapped
symmetric inductor rather than two single-ended inductors. The inductor was simulated with a
high-frequency three-dimensional field solver (HFSS), as shown in Fig. 3-11. The multi-layer
dielectric stack was modeled with two layers: a passivation layer and an oxide layer. A perfectly
conducting ground ring was drawn around the inductor to provide a common reference potential
for the three ports. For a two-port simulation, it is possible to simulate the inductor without a
ground ring or a ground plane by using a single lumped port to excite the inductor differentially.
A simulation performed on a small inductor indicates that using a single port results in a
relatively small change in inductance and a more significant change in Q at high frequencies. A
radiation boundary was drawn around the structure to allow waves to radiate infinitely far into

space. A perfect-E boundary was also assigned to one of the edges of the oxide layer/ground

Figure 3-11. HFSS models of L. Without substrate contact (left). With contact (right).
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ring. In the setup on the left in Fig. 3-11, the ground ring is embedded in the oxide and does not

touch the substrate. In the setup on the right in Fig. 3-11, the ground ring is extended to touch the
substrate at one end of the structure (to emulate the effect of a substrate contact). Simulations
indicate that these two structures yield similar results. Due to the availability of some measured

data from a recent test chip, additional simulations were performed in order to compare HFSS

results to measured data. These simulations are described in Appendix B.

Since the ring inductorsiak and Lsnunt are driven by differential signals, they should be
described by an appropriately-defined differential Q factor. There are several ways to calculate
this value of differential Q. The most direct method is to treat the inductor as a one-port device
and drive it differentially with a single port. In this case, the conventional differential inductor Q
(analogous to the conventional definition of inductor Q, which involves the difference between

the average stored magnetic and electrical enéfyissimply

Im{ Zin} - _ Im{Yin}
Re{ Zin} B Re{Yin}

Qpirr =

When the inductor is simulated or measured as a two-port device, it is possible to convert the
two-port S-parameters into an equivalent differential one-port S-parath@pecifically, we

can define

_S11+S2-S1,-Sn

SpirFr >

from which we can determine
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+
ZpifF = 220%
~ ODIFF

where % is the characteristic impedance of the system, and

Qoyee = IM{ Zpiee}
Re{Zprr}

Alternatively, we can definepgr directly from the measured Z-parameters:

Zppr =Lt Loyp= 21— Zy;.

In terms of Y-parameters, we can define

2
YiYoo =Y,

Yog = ——22 12
PN 2Y0,+ Yy,
and consequently
0 __Im{Yoiee}
P Re{Yper )

The results of the three-port simulation, in terms &f (the inductance between ports 1 and
2), Quir, and Leenter(the inductance between port 1 and the center tap) arenshdug. 3-12. It is
observed that denter is considerably larger thanyk, most likely due to added inductance from

the presence of the ground loop. Although this does not accurately reflect the inductance that
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would be seen in an actual circuit, simulations show that the presence of extra inductance at the
center tap has negligible effect on the behavior of the VCO. Although a rough calibration was
performed using a modeled inductor from the design library, it was difficult to obtain a reliable
estimate of Q in HFSS, especially at higher frequencies. It is expected that the Q value predicted

from this simulation is optimistic.
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Figure 3-12. HFSS simulation results for center-tapped inductor f.

For the center-tapped inductor, a multi-sectiemetwork model (Fig. 3-13) was fitted to the
data from HFSS with the aid of an optimizer (Agilent ADS). The results of the fitting are shown
in Fig. 3-14. Each double-section resembles in part the topology presented in the paper by Cao
et al.** Theoretically, due to the distributed nature of the strecan high frequencies, a model
consisting of many short microstrip transmission line sections approximated by lumped elements
would more fully capture high-frequency effects (cf. Long and Cop&anithis, however,
would come at the cost of increased model complexity and simulation tigg: ias also
simulated in HFSS, and the resultant two-port S-parameters were directly imported into the

circuit simulator.
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Figure 3-13. Schematic of multixr model of center-tapped inductor Lgn.

2.5E-10 60
] 55+ HFSS
2.0E-10 | HFSS 50
b 45|
~—~~ : 40,
5 1.5E-10 %35,
E5 1 O 30
—
1.0E-10 25-]
] model 20
] 15
5.0E-11 104 model
: 57
0.0 e e e e O [ T e e e e
10 15 20 25 30 35 40 45 50 55 60 65 10 15 20 25 30 35 40 45 50 55 60 65
Frequency (GHz) Frequency (GHz)
1.0E-9
8.0E-10-|
| HFSS
—
£ 6.0E-10 \
o
g 1
8
J 4.0E-10-| / e neanae
2.0E-10+
| model
0.0

S T NS [N NS (NS S S FHS -
10 15 20 25 30 35 40 45 50 55 60 65
Frequency (GHz)

Figure 3-14. HFSS vs. model comparison of center-tapped inductofahy.
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3.8 Transmission-line inductor design

To verify the inductance of the coplanar transmission line indugtaihé transmission line
was simulated in HFSS. The bend in the structure is required in the VCO layout to keep the ends
of a pair of these transmission lines close together, thereby reducing unwanted inductance
between them. Underpasses between the ground traces are placed near the discontinuity to
maintain a well-defined ground potential and to suppress any parasitic odd coplanar waveguide
mode. A scalable model of a straight transmission line, provided by the design library and having
a similar value of inductance at 60 GHz as the HFSS model, was used for circuit simulations.
This library model is expected to have a more accurate value of Q than that predicted by

simulation.

Figure 3-15. HFSS model of coplanar transmission line inductor.
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3.9 Simulation results

3.9.1 Effect of Lshunt On VCO performance

In order to investigate the effect ofik,son VCO performance, the VCO must be designed in
sucha way that it oscillates both with and without the presencengfiLTo allow a meaningful
comparison, fixed values ofdland G were selected for the two cases—with and withQpli—
while maintaining the maximum cascode gate-drain voltage requirement mentioned previously.
Two sets of comparisons are made, one in this section and the other, with increased VCO output
power, in the next section.

Simulation results for the first VCO, withoutin; are shown in Fig. 3-16 forpds= 0.75 V.

At Vune = 0.46 V, a second-harmonic frequency of 60 GHz is achievethi\frequency, the
output power is about —21 dBm and the DC current consumption of the voltage sepgly V
29 mA The output power peaks at around —20 dBm whgnr ¥ 0.69 V. The tuning range is 8.9

GHz (57.7 GHz to 66.6 GHz forgfhe=0 V to 1.2 V).
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Figure 3-16. Simulated performance of VCO without kynt.

Simulation results for the same VCO with the addition §fk~ 120 pH are shown in Fig.

3-17 for Wias= 0.75 V. At Mune = 0.48 V, a second-harmonic frequency of 60 GHz is achieved.

47

ADVANCED MICRO DEVICES, INC. IPR2023-00788 Ex. 1036, p. 537 of 645



At this frequency, the output power is about —19 dBm, and the DC current consumption of the
voltage source M is 28 mA. The output power peaks at around —18 dBm whga=/0.7 V.

The tuning range is 8.2 GHz (57.6 GHz—65.8 GHz). A comparison of these results indicates
that one effect of Lunt on VCO performance is to slightly boost the second-barmoutput

power at 60 GHz, in this case by about 2 dB. For this examg|g;dlso appears to increase the

output power over the rest of the tuning range.
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Figure 3-17. Simulated performance of VCO with Lspynt.

3.9.2 Effect of Lshunt (With improved output power)

The output power can be increased by adjusting the valuesasfd_G while making sure
that all gate-drain voltages are safely below the gate oxide breakdown voltage. A different value
of Cank IS also used this time, which shifts the center frequenlog. résulting performance is
shown in Fig. 3-18. At Mne= 0.52 V, a second-harmonic frequency of 60 GHz is achieved. At
this frequency, the output power is —3.1 dBm and the DC current thraiigis ¥bout 20 mA. A
maximum output power of —2.8 dBm is achieved whepd= 0.18 V. The tuning range is 7.7

GHz (58.3 GHz to 66.0 GHz). The phase noise at 1 MHz offset from the 60-GHz second
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harmonic is approximately —86 dBc/Hz (Fig. 3-19). It should be noted that these simulation
results include the effect of various post-layout parasitics, which were estimated using ASITIC,

an inductor modeling tool. The layout of the VCO is discussed in 83.10.
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Figure 3-18. Simulated VCO performance with L, (with improved output power).
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The same VCO was simulated without the presencesff;land the results are shown in
Fig. 3-20. As before, the output power is lower wherkis removed. However, this time the
output power at 60 GHz—achieved whegp= 0.26 V—is substantially lower, by about 9 dB,
indicating that the effect ofdwnican be significantly affected by the values of other compigne

of the VCO. The DC current from the voltage supply is also higher than before, by about 8 mA.
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Figure 3-20. Simulated VCO performance without Lyn (With improved output power).

3.10 VCO and L-C tank layout

The VCO was laid out in a 0.18n RF bulk-CMOS process utilizing eight metal layers and
designed for a nominal supply voltage of 1.2 V. The proposed layout is shown in Fig. 3-21. To
suppress the occurrence of unwanted even-mode oscillations at the fundamental frequency, a
relatively high degree of symmetry in the layout has been maintained. Bypass capacitors of
various sizes, implemented with MIM structures or MOS varactors, are placed at DC nodes
throughout the layout in order to improve the AC grounding of these nodes. As noted before, the
coplanar transmission lines implementing dre bent inward in order to reach thgp\pad

without introducing excessive parasitic inductance between them. The ground traces of the
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transmission lines provide shielding between,dand the signal traces of,Land their presence
is expected to slightly decrease the value gfik A simulation in ASITIC indicated that the
coupling factor between dntand Lank is very small, indicating that the spacing between these
indudors, approximately 90m, should be sufficient to avoid unwanted magnetic interaction.

The push-push output of the VCO is routed to the probe pad by means of a coplanar
transmission line with a ground shield in order to reduce coupling to the lossy substrate. The
characteristic impedance of this line is estimated to be neg, Bfhich provides a reasonably
good match with the resistive load at the output. The output probe pad is placed in a ground-
signal-ground configuration in order to allow on-wafer probing with coplanar microwave probes.
Including the pads, the overall layout area is roughly | 880« 650um. For this present design,
the differential signals at the fundamental frequency are not tapped, e.g., at the gates\@f M
Mo, although a future design could conceivably do so.

Two separate L-C tank test structures are also included to enable a direct measurement of the
resonant frequency of the tank (Fig. 3-22). One test structure includes only the MOS varactors,
while the other also includes the MIM capacitors connected to the tank in order to estimate their

effect on the resonant frequency.
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4 Conclusion

The FinFET is a promising candidate to succeed the conventional planar MOSFET as device
dimensions scale deeply into the nanometer regime. This work attempts to lay some preliminary
groundwork for an evaluation of the RF potential of FInNFET technology. Individual test
transistors have been laid out for high-frequency measurements, and a static frequency divider
has also been designed. S-parameter measurements of these individual transistors will provide a
good indication of the intrinsic speed of the technology througlivitse figure-of-merit. They
should also help us to better understand the various sources of device and layout parasitics and
their effect onfyax and other aspects of device performance. High-frequenpgré&neter
measurements are also useful in the development of a high-frequency transistor model, whether a
large-signal BSIM-family model or a lumped-element, bias-dependent small-signal model. In
turn, an accurate device model will permit more accurate circuit design of various RF blocks. A
static frequency divider is a good circuit to test the speed of the technology, but successful
operation may be difficult to achieve at the present time due to fabrication challenges.

Although advanced technologies such as the FInNFET hold promise for future high-speed
circuit applications, such as millimeter-wave integrated-circuit transceiver design, numerous
functional circuits in conventional CMOS have already been demonstrated at microwave
frequencies. The design of a push-push CMOS VCO has been described in this report. Although
this present design utilizes only the single-ended second-harmonic output, it can be modified to
also tap the differential output at the fundamental frequency. In this way, the push-push topology

can perhaps obviate the need for one stage of frequency division when used in a phase-locked
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loop. Various issues involved in the design of the VCO, especially those related to the design and

modeling of the passive elements, have been discussed in this report.
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Appendix A—Description of FINFET test structures

Unrotated frequency dividers:

1A: Lgrawn= 0.30um, one metal layer, small bypass caps

1B: Lgrawn= 0.285um, one metal layer, small bypass caps

2A: Lgrawn= 0.285um, two metal layers, small bypass caps

3A: Larawn= 0.285um, one metal layer, large bypass caps, added symmetry
Rotated frequency dividers:

1C: Lgrawn= 0.285um, one metal layer, small bypass caps

1D: Lgrawn= 0.285um, one metal layer, large bypass caps

2B: Lgrawn= 0.285um, two metal layers, large bypass caps

2C: Lgrawn= 0.285um, two metal layers, small bypass caps

3B: Larawn= 0.285um, one metal layer, large bypass caps, added symmetry

Unrotated NMOS FIinFETs, one metal layer:

MM1:
MM2:
MM3:
MM4:
MM7:
MMS8:

Larawn= 0.30um, W = 60um (600 fins), 3 fins/gate finger, compact

Larawn= 0.30um, W = 60um (600 fins), 3 fins/gate finger

Lgrawn= 0.30um, W = 60um (600 fins), 3 fins/gate finger, compact, perpendicular
Larawn= 0.30um, W = 60um (600 fins), 6 fins/gate finger, perpendicular

Larawn= 0.285um, W = 60um (600 fins), 3 fins/gate finger, compact

Larawn= 0.285um, W = 60um (600 fins), 3 fins/gate finger

Rotated versions:
MM1T, MM2T , MM3T, MM4T, MM7T, MMS8T

Unrotated NMOS FIinFETs, two metal layers:

MM5:
MM®6:

Larawn= 0.30um, W = 60um (600 fins), 3 fins/gate finger
Larawn= 0.30um, W = 60um (600 fins), 3 fins/gate finger, compact

MM11: Lgrawn= 0.285um, W = 60um (600 fins), 3 fins/gate finger
Rotated versions:
MM5T, MM6T, MM11T

De-embedding structures, one metal layer:
OPEN-M1, SHORT-M1, THRU-M1
Rotated versions:
OPEN-M1T, SHORT-M1T, THRU-M1T

De-embedding structures for devices MM3 and MM4:
OPEN-M1-TALL, SHORT-M1-TALL, THRU-M1-TALL
Rotated versions:
OPEN-M1-TALLT, SHORT-M1-TALLT, THRU-M1-TALLT

De-embedding structures, two metal layers:
OPEN-M2, SHORT-M2, THRU-M2

55

ADVANCED MICRO DEVICES, INC. IPR2023-00788 Ex. 1036, p. 545 of 645



Appendix B—Comparison of HFSS results to measured data

To evaluate the accuracy of HFSS in simulating integrated passives, a comparison was
made between HFSS results and measured, de-embedded data from a recent 90-nm CMOS test
chip (generously made available by Mounir Bohsali). Shown in Fig. B-1, the first structure is a
loop inductor utilizing the top metal layer of the process. To simplify the simulation, the entire
multi-level dielectric stack was lumped into two layers, representing the passivation layer and the
rest of the dielectric stack. A simple ground plane was placed underneath the two lumped ports
to account for the presence of a ground plane in the actual test structure, although the layout of
the actual ground plane is more complex. A bulk conductivity of 100 S/m was assigned to the
substrate, since the actual value was not provided in the process documentation, to the author’s
knowledge. A comparison of the measured and simulated inductance and Q-factor of the
inductor, when excited differentially, is shown in Fig B-2. Overall, there is good agreement in

both the inductance and Q-factor.

Figure B-1. HFSS model of loop inductor on test chip.
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Figure B-2. Comparison of measured and simulated results for test-chip inductor.

The second structure simulated in HFSS is a resonant tank consisting of the same inductor in
parallel with a capacitor. In the test chip, the capacitor is implemented as an interdigitated finger
capacitor, with each finger comprising the bottom five metal layers strapped together. However,
to simplify the structure in HFSS, a simple horizontal parallel-plate capacitor was used instead.
To obtain a similar value of capacitance as the finger capacitor, a high-k dielectric was
sandwiched between the two plates. The value of k was adjusted to resonate the tank at a similar
frequency as the actual tank. Plots of the tank impedance magnitude and phase are shown in Fig.
B-3. As expected, the simulated and measured tank impedances agree fairly well, showing that
even with a simple capacitor model a reasonably accurate simulation can be performed. The
challenge lies in making sure that the simulated capacitor has a similar capacitance as the
fabricated capacitor. Also, in cases where the inductor Q is high enough such that the capacitor Q
has a significant effect on the overall tank Q, then the Q of the simulated capacitor may also be

of concern.
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Figure B-3. HFSS model of parallel resonant tank on test chip.
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Figure B-4. Comparison of measured and simulated impedance of resonant tank.
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Preface

Seven years ago research in the field of mm-wave silicon was virtually non-existent.
Few people thought that operation at 60 GHz was even feasible in silicon technology.
In the course of seven years the topic has transitioned from an obscure research topic
to an exciting buzzword (60 GHz) that has generated much interest from industry
and the venture community. To put things in historical perspective, seven years ago
most commercial efforts were focused on the 1-10 GHz spectrum for voice and data
applications for mobile phones and portable computers. Many people were actively
seeking solutions to the “last mile” problem, or a way to deliver high speed data to
users in their homes and offices through cable, telephone, or wireless infrastructure.
At the same time, the explosive growth of wireless data such as WiFi spurred sig-
nificant research into and development of new architectures for radio transceivers
that could deliver very high data rates over short ranges, particularly for video and
personal area networks. This problem can be viewed as the “last meter” or even the
“last inch” connection that delivers high bandwidth multimedia content to devices.
The growth of MP3 media devices, and now handheld video devices, and the rapid
adoption of HDTV and flat screen televisions has created a healthy demand for tech-
nology that enables high speed wireless video transmission. For this reason, today
we witness a very active interest in mm-wave silicon technology. Other important
commercial applications include automotive radar for safety and improved driving
experience. But these applications are only the tip of the iceberg.

Research in silicon mm-wave circuits and technology started at universities and
research institutions and now continues in the commercial realm. Many of the re-
searchers in the field have contributed to this book to chronicle these efforts. This
book is written for practicing RF and analog circuit designers who wish to join this
exciting and growing field. The chapters are self-contained and include a short tuto-
rial on important concepts before delving into details. The audience for this book is
assumed to be experienced in the field of analog/RF integrated circuits. The focus of
each chapter is the key innovations and techniques that enable operation at mm-wave
frequencies, which is close to the activity limits of silicon technology. Many of the
chapters are focused around several key publications in the field. Rather than repub-
lish the original papers, the authors have gone to great lengths to expand the material

vii
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and provide more background and breadth than the original technical publication. As
such, this book would complement a graduate microwave or mm-wave course based
on silicon technology.

The book begins with the fundamental technology scaling and device-level
changes that have allowed mm-wave silicon performance. This includes a detailed
discussion of the design, modeling, and achievable performance of active and passive
components. Next, front-end mm-wave building blocks are covered in detail, includ-
ing amplifiers and mixers, voltage-controlled oscillators (VCOs) and dividers, and
power amplifiers. Complete chipsets operating in the 60 GHz band are also covered.
The book culminates in the discussion of phased-array systems capable of beam
forming and exploiting spatial diversity for increased throughput or range. Through-
out the book we focus on a design methodology and design tools that are optimized
for silicon technology. Unique issues related to silicon, such as the lossy silicon sub-
strate, are discussed at each stage of the book. Other important issues include the
ever shrinking low supply voltage, which limits the dynamic range and output power
capability of the technology.

We hope you find this book useful in your exploration of silicon mm-wave devices,
circuits, and systems. There are many unique challenges to working with silicon mm-
waves, but there are many rewards to reap from this technology. As the editors, we
would like to thank the contributors to this book, including the graduate students and
the contributing authors who have worked tirelessly to share their insights with you
in this book. We also thank Carl Harris of Springer for making this project happen.
To the reader our advice is simple: think small!

Berkeley and Los Angeles, Ali M. Niknejad
October, 2007 Hossein Hashemi
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Chapter 3

Design and Modeling of Active and Passive
Devices

Ali M. Niknejad, Sohrab Emami, Chinh Doan, Babak Heydari, Mounir Bohsali

3.1 Passive Devices

3.1.1 Transmission Lines

Transmission lines play a critical role at mm-wave frequencies. Due to the relatively
small wavelength, significantly long structures such as quarter wave can be realized
on-chip. Transmission lines are suitable for high frequencies since there is no ambi-
guity in how one defines reference planes — since the signal and ground are always
co-located, it’s easy to connect a transmission line structure at any point in the cir-
cuit and predict the resulting reactance. Furthermore, the close physical proximity of
the ground return current creates a dipole (multipole) radiation pattern that couples
less energy to the substrate, which improves the quality factor of these devices. The
well-defined ground return path also significantly reduces magnetic and electric field
coupling to adjacent structures'.

At mm-wave frequencies, the reactive elements needed for matching networks
and resonators become increasingly small, requiring inductance values on the order
of 50-250 pH. Given the quasi-transverse electromagnetic (quasi-TEM) mode of
propagation, transmission lines are inherently scalable in length and are capable of
realizing precise values of small reactances. Additionally, interconnect wiring can
be modeled directly when implemented using transmission lines.

Four real (or two complex) parameters are needed to completely capture the prop-
erties of any quasi-TEM transmission line at a given frequency, wg. A transmission
line can be characterized by its equivalent frequency-dependent RLGC distributed
circuit model (Fig. 3.1), which can be related to the characteristic impedance (Zj)
and complex propagation constant () by [2]

Ali M. Niknejad, Sohrab Emami, Chinh Doan, Babak Heydari, Mounir Bohsali:
Berkeley Wireless Research Center, University of California, Berkeley

! Portions of this text are taken from [3], (© IEEE 2005)
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: R dx Ldx I
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I I
| |
e dx >

Fig. 3.1 Distributed RLGC lossy transmission line model [3] (© IEEE 2005).

o R+]WOL
Zo= \/G+jw00 G.D
v=V/(R+ jwoL)(G + jwoC) = a+jp (3.2)

For low-loss lines, the attenuation and phase constants, o and 3, can be approximated
as

R GZ
am Lyt (3.3)
2
= ; —woVLC (3.4)

g
There is a major deficiency with the standard representation of Eq. 3.1 and 3.2. As
seen in Eq. 3.3, the two different loss mechanisms are combined into one parameter ,
making it difficult to discern the relative importance of R and G. This is particularly
relevant for transmission lines implemented on low-resistivity silicon, since they
have a non-negligible G. To address this issue, the following four real parameters
are proposed to characterize the line [3]

Z=+\/L/C (3.5)
2T

A= 3.6

wO\/LC ( )

QrL=wolL/R (3.7)

Qc =woC/G (3.8)

Notice that the two loss mechanisms are completely decoupled in Eq. 3.7 and 3.8. The
first-order Taylor series expansions can be used to relate the characteristic impedance
in Eq. 3.1 to the quantities in Eq. 3.5 - 3.8.

ZOzZ<1+g<QlC—QlL)> (3.9)
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3 Active and Passive Devices 61

From Eq. 3.9, the sign of J(Zp) reveals which loss mechanism (Qf, or Q¢) is
dominant for low-loss lines. If Z is assumed to be real, this implicitly requires that
Q1 = Q¢, which is not generally true.

Unlike transmission lines implemented on GaAs, where G is essentially zero,
transmission lines implemented on low-resistivity silicon often have low capacitive
quality-factors ((Q¢) due to the substrate coupling. For transmission lines that store
mostly magnetic energy, the inductive quality factor (Q),) is the most critical param-
eter when determining the loss of the line, as opposed to the resonator quality factor
or the attenuation constant.

3.1.1.1 Quality Factor Metric

Analogous to the case for lumped inductors [4], there are many different definitions
for  of a transmission line, where the applicability depends upon the intended
function of the transmission line circuit. The most commonly used definition is the
@ of the line when used as a resonator (Q;.cs),

Oron = wo avg. energy stored _ wo(Wp + We) (3.10)

avg. power loss Pr,
where wy is the resonance frequency, W,,, and W, are the average magnetic and
electric energy stored, and Py, is the average power dissipated in the line. Q),..s can
be related to the quantities introduced in Eq. 3.3 and 3.4 by [5]

B T T\/Ceff
Qres ~ 9 - - \/

3.11
o a)g aXg G1D

where Aq is the free-space wavelength and e. ¢ is the effective dielectric constant.
Since €, s is determined mostly by the dielectric properties, and not the transmission
line structure or dimensions, maximizing @), is roughly equivalent to minimizing
the attenuation constant . Using Eq. 3.11 along with Eq. 3.3 and 3.4, ;.5 can be
related very simply to the parameters in Eq. 3.7 and 3.8 by

.
Qres QL QC

If the transmission line is forming a resonator, this is indeed a good definition to
use. The Q.. quality factor is related to the half-power bandwidth of a quarter/half
wave resonator. This is in direct analogy with lumped parallel/series resonant circuit,
which is a good model for the resonator near resonance. But if the transmission line
is employed for matching or interconnect, a different defintion or metric is needed.

Another common metric is to simply compare the propagation loss versus fre-
quency. While this is a fast and simple way to look at a transmission line, it ignores
the fact that different lines can have a different rate of phase accumulation (such as
slow wave structure) and a different characteristic impedance, which is important

(3.12)
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in the design of matching networks. To first degree, then, the propagation constant
should be compared versus (3, rather than to frequency. Since 3 is proportional to

frequency

P
g= T w0 (3.13)
)\0 v

the plot of « versus w has the same shape with a frequency scaling factor related to
the phase propagation velocity v < ¢g . This definition is useful in cases where we
desire a certain phase shift through a transmission line, and we are comparing two
different transmission lines to see which one is more suitable.

When transmission lines are employed as inductors, or equivalently if ¢ < g,
then we can approximate the impedance of a shorted section of a short transmission
line

which shows the line impedance is proportional to the characteristic impedance Zj.
Assuming low-loss conditions so that Zy ~ Z is real, then we have

S(Zi) B
= ~ 3.15
Q= iz~ a (3.15)
For lumped circuits, a common metric is to compare the product of () factor and the
inductance value, since it’s increasingly difficult to realize large reactance with high
N Bz
QxL~ pep (3.16)

o W
since [ is proportional to frequency, we have

B e

av

7="4.7 (3.17)
8]

QX L=~
which shows that in addition to a large value of 3/«, we also desire a transmission line
with a large value of Z and a slow phase velocity, or equivalently a larger inductance
per unit length. This argument can be further refined by defining more precisely an
inductance quality factor.

Inductive Quality Factor

Transmission lines are often used to resonate with the intrinsic capacitance of the
transistors (e.g., when used in matching networks). In this case, the line stores mostly
magnetic energy, and it is therefore most appropriate to consider the power lost for a
given amount of net reactive energy stored in the line, as opposed to the total stored
energy [4]. Thus, for matching networks, the most meaningful metric is

net energy stored  2wo (W, — We)
O avg.powerloss  Pr+Pq

Q=2w (3.18)
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where W,,, and W, are the average magnetic and electric energy stored, and Pgr
represent the “series” resistive losses and P the “shunt” conductive losses. Defining
the series inductive and shunt capacitive ) we have [7]

Wi
=92 1
Qr wo Pr (3.19)
We
Qo =2wo (3.20)
Pq
we can express the overall () as
1 1 1
= + (3.21)
Q QL ncQc
where W
n,=1-— W; (3.22)
and W
ne = W’: -1 (3.23)
For a shorted transmission line, under the assumption of low loss, one can show that
1LV+% . [Axel
W = 2 72 (1 + sinc ( \ >) (3.24)
and ) it
W.~ cv*r2e(1—sne( (3.25)
2 A
Thus we have ! 1 1
= + 3.26
L 2sinc( 4§Z ) 2 520
and ! ! !
— (3.27)

e, 28111(3(4;@) 2
If the line is inductive (i.e., W,,, > W), then nc > nr, and Qner ~ 1 Q. The
loss in the line is therefore almost completely determined by Q. For example,
consider a shorted transmission line with £ < 0.1\. In this case, it can be shown that
nc > 7.2nr, which greatly reduces the impact of the shunt losses on the inductive
line. This is particularly important for integrated transmission lines on silicon, where
the low-resistivity substrate causes ()¢ to be non-negligible.
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3.1.1.2 Microstrip and Coplanar Waveguide

Passtvation Passivation.=-=

Oxide Oxidb b = A T

Si Substrate. Si Substrate

(a) (b)

Fig. 3.2 Electric field distributions from 3-D EM simulations of (a) microstrip and (b) coplanar
waveguide transmission lines [3] (© IEEE 2005).

Microstrip lines on silicon are typically implemented using the top-layer metal as
the signal line, and the bottom-layer metal for the ground plane. Fig. 3.2a illustrates
the effectiveness of the metal shield, with essentially no electric field penetration
into the substrate. The shunt loss, G, is therefore due only to the loss tangent of the
oxide, yielding a capacitive quality factor, ()¢, of around 30 at mm-wave frequencies
(Fig. 3.3b). The biggest drawback to microstrip lines on standard CMOS is the
close proximity of the ground plane to the signal line (~ 4 ym), yielding very small
distributed inductance, L. This significantly degrades the inductive quality factor,
Q1 (Fig. 3.3a).
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Fig. 3.3 Measured (markers) @, and Q¢ for a coplanar waveguide and a microstrip line. The solid
lines are for an empirical first-order model where the R variation is due only to skin effect and G
is caused by a constant dielectric loss tangent [3] (© IEEE 2005).

Another option for on-chip transmission lines is the use of coplanar waveguides
(CPWs) [10], [13], which are implemented with one signal line surrounded by two
adjacent grounds (Fig. 3.2b). The signal width, W, can be used to minimize conductor
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loss, while the signal-to-ground spacing, .S, controls the Zj and the tradeoff between
@1 and Q¢. As an example, a CPW with W = 10 um and .S = 7 um has a Z of 592
and a Q1 measured to be about double that of the microstrip (Fig. 3.3a). Therefore,
CPW transmission lines are preferred in design of amplifiers (tuning and matching
networks) due to their considerably higher @) ;, compared to microstrip lines.
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Fig. 3.4 Measured (markers) Q1 and Q¢ for coplanar waveguides with varying geometries. The
solid lines are for an empirical first-order model where the R variation is due only to skin effect
and G is caused by a constant dielectric loss tangent [3] (© IEEE 2005).

By varying the signal-to-ground spacing, it is possible to design CPW lines to have
either large (), and high-impedance (S = 7um) or large ()¢ and low-impedance
(S =2 pm) (Fig. 3.4). On the other hand microstrip lines have, to first-order, constant
@1 and Q¢ regardless of geometry. The larger the gap spacing S, the more fields
penetrate into the substrate and cause additional shunt losses which lower Q¢. To
first order, though, the series losses which contribute to () . remain relatively constant
since these losses are dominated by the resistivity of the signal and ground plane.
Second order effects, such as eddy current induced losses, change since the proximity
of the ground plane determines the magnetic vector potential in the substrate, and
hence the induced current magnitude. In a microstrip, to change the Z, thinner lines
must be used, which increases the series losses substantially.

Another important issue when designing with CPWs is the unwanted odd CPW
mode, which arises because CPW lines inherently have three conductors. To suppress
this parasitic propagation mode, the two grounds should be forced to the same po-
tential [10]. In MMIC:s, this requires the availability of air bridge technology, which
is costly and not supported by all foundries. Underpasses using a lower metal level
in a modern CMOS process can be used to suppress this mode.

3.1.1.3 Transmission Line Modeling
Transmission lines are essentially two-dimensional structures, and TEM fields can in
theory be predicted from static solutions in the transverse plane. In practice, though,

intentional non-uniformity in the structure is introduced to dampen the presence of
higher order TE/TM modes. Furthermore, the dielectric is non-uniform with different
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low-K dielectric inter-layers in the typical stack-up. The abundance of metal layers
also allows much more complicated structures to be realized, and this begs the ques-
tion of the optimal structure that one should realize. For these reasons, prediction of
performance requires extensive 3D simulation.

To achieve the highest level of accuracy for the transmission line models, a design-
oriented modeling methodology, similar to [14], has been chosen for this work. The
modeling approach is based on measured transmission line data and the models
are optimized to fit most accurately at mm-wave frequencies. Scalable (in length)
electrical models, which capture the high-level behavior of the lines, have been used
and are supported in most simulators such as SpectreRF, ADS, and Eldo. The model
parameters are easy to obtain from measured data or physical EM simulations since
only a relatively small number of parameters are required to model the broadband
performance of each transmission line: characteristic impedance, effective dielectric
constant, attenuation constant, and loss tangent. A first-order frequency-dependent
loss model is used. The model assumes that the conductor loss is only caused by the
skin effect losses, and the shunt loss is due to a constant loss tangent. From Fig. 3.3,
it can be seen that the losses are well-modeled.

Using simple electrical models has many advantages. The simulation time is very
fast, and the models can be easily integrated into circuit simulators and optimiz-
ers. The transmission line models assume no coupling to adjacent structures. This
assumption is justified since well-defined ground return path helps confine the mag-
netic and electric fields, and the close proximity of the adjacent grounds to the signal
line help to minimize any second-order effects.

Full-wave electromagnetic simulation of transmission lines is useful for the de-
sign of new structures, especially when the line properties are not uniform with
length. This occurs, for instance, when dummy fills are incorporated into the air
structure or if regular bridging layers are used. Slow wave structures also employ
non-uniform filling with filaments. In these cases full-wave 3D simulation is very
time consuming. Accurate simulations are also difficult to obtain due to the high fre-
quency material properties which are not typically characterized by the foundry. This
includes dielectric loss of the various layers of dielectrics used in a modern CMOS
process, the metal resistivity and roughness, and the precise substrate profile. The
designer should strive to control the layout as much as possible by placing dummy
fill blocking layers around the transmission lines and by carefully controlling the
layout where the electromagnetic fields have an appreciable magnitude. Attempts to
simulate these structures using commercial tools directly using only knowledge of
the substrate conductivity and assuming lossless dielectrics has been unsuccessful.
In order to match measurements and simulations, a custom tailored substrate profile
with various dielectric loss parameters is needed in order to fit a wide array of mea-
sured data. Given a predictive simulation setup allows much greater flexibility in the
design of mm-wave passive structures.
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el

Fig. 3.5 A differential transmission line excited (a) in odd mode and (b) in even mode. Arrows
indicate direction of current flow.

(b)

Fig. 3.6 Distributed circuit models for the (a) odd and (b) even modes of propagation.

3.1.1.4 Differential Lines

Since differential circuits are common in ICs, differential transmission lines are
very convenient structures. As shown in Fig. 3.5, a differential pair can excite equal
and opposite currents on a differential two-wire transmission line. Clearly there are
two modes of propagation on the line, the “odd" mode which is usually the desired
mode, where the voltage on each line is out of phase with the other voltage, and the
“even" mode, where the voltages have equal magnitude. In this case the voltage is
excited with reference to the substrate potential and the return current path flows
through the substrate. We may therefore think of the even mode as a microstrip
occurring primarily between the two signal lines (effectively connected in parallel)
and the substrate ground. The two modes have different characteristic impedance
and different phase velocity. The characteristic impedance of the odd mode is given
by analyzing the equivalent half circuit shown in Fig. 3.6a

L,
Zoo = 3.8
\/ 2C.+C, (5.28)

where L, is the inductance per unit length defined by integrating the magnetic field
between the lines, and C, and Cj; are the ground and mutual capacitance per unit
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length. The odd mode inductance can also be obtained from the partial inductance
of each line (assumed identical) by including the mutual inductance between the
lines, L, = Lijne — Miines, which subtracts due to the opposite direction of current
flow. We are implicitly assuming that no current flows in the ground plane for this
configuration due to the balanced excitation. Even though induced currents flow in
the ground, the net ground current is zero. The capacitance C'. is doubled due to Miller
effect. For the even mode, the return current flows in the substrate so the inductance
per unit length L. is calculated by integrating in the vertical plane from the signal
line to the substrate. Since the two lines are at the same potential, the capacitance C.
has no effect and the equivalent half circuit can be calculated as shown in Fig. 3.6b.
The characteristic impedance is given by

Le
Zoe = 2
\/ c, (3.29)

where L. is the even mode inductance per unit length or calculated through the
partial inductance terms by L. = Liine + Miine + Lgnd — Mgnq. We see that if
L. ~ L,, the common mode impedance is higher. In fact, we implicitly assumed
that the return current flows through the substrate, which is not necessarily the case.
To understand this point, imagine that there is an alternative path to ground through
metallization between the source and load, such as other ground planes, interconnect,
or the substrate. Since current flows the path of least impedance, at low frequencies the
current may flow through the distant return path increasing the even mode inductance
substantially, or L. > L,, which makes the even mode impedance large. At high
frequencies, though, the current will flow underneath the structure — even though the
path is more resistive, it has lower inductance. This makes the even mode very lossy
as well, which is reflected in a higher even mode propagation loss e > .

The phase velocity of the two modes can differ due to the different field configu-
rations. In the odd mode the fields reside substantially between the conductors with
very little leakage into the substrate and air, which results in €, ~ €,zi4.. On the
other hand, for the even mode, there is significant leakage into the substrate, which
decreases the phase velocity (since €s; & 3€ox).

RS Il Vi

A/4 V3 12

_l’_
Vs Ry

- — _E{ Zoov Zoe Va

Fig. 3.7 A transmission line converts an unbalanced signal to a balanced signal.

One particularly good application for a differential transmission line is to convert
a single-ended signal into a differential signal. The circuit shown in Fig. 3.7, is
known as a transmission line . Nominally the circuit should be a quarter wavelength.
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Intuitively we can see that the single ended port excites an equal component of the
even and odd modes. To see this suppose that V., = V,, = V{)/2, then

Vi=Ve+ Vo) =V (3.30)

and
Vo=V.-V,=0 (3.31)

At the load end of the line, we wish to have a fully balanced signal, or V.. (¢) = 0. A
balanced load is an open circuit boundary condition for the even mode, which means
the line is highly imbalanced. Since the line is excited with a common mode voltage
at the source end, a standing wave pattern emerges on the line due to the open circuit
reflection. Since the line is exactly A/4, the voltage profile on the line is monotonic.
Given that the source is driven with a non-zero common mode, the common mode
voltage must decay to zero at the load, resulting in a perfect transformer. To propagate
all the energy of the source into the the odd mode, we should terminate the line in
the characteristic impedance of the odd mode Z;, = Z,, to avoid reflections.

3.1.1.5 Slow Wave Structures

One way to avoid substrate leakage in a transmission line is to place a solid shield
under the conductors. For the differential mode, the return current flows through
the the conductors, and not the ground, but due to the changing magnetic field, eddy
currents are induced on the ground plane which lowers the inductance per unit length.
The net current in the ground plane is zero since the induced currents have opposite
direction, and in essence we see the ground current flows in a loop (typical of “edddy
currents”). Commensurate with the decrease in inductance, the capacitance per unit
length also increases due to the increase in Cy, and in fact this increase must exactly
balance the decrease in inductance to maintain constant phase velocity.

If we break the shield in such a way as to limit current flow along the length of
the line, then we see that the inductance per unit length remains intact while the
capacitance per unit length increases. This is a “slow wave” transmission line, since
the phase velocity is lowered. One way to accomplish a slow wave structure shown
in Fig. 3.8. Here, conductive strips are placed beneath the two wires to increase
the capacitance per unit length without altering the inductance per unit length. In a
modern CMOS process, a very high density of filaments can be used to increase the
capacitance significantly. As a result, the quality factor of a resonator improves since
the dielectric losses are minimized in the transmission line. Researchers have demon-
strated quality factors as high as 40 for such integrated resonators in CMOS [28].

Another slow wave structure is a varactor loaded line, where MOS capacitors are
placed periodically along the line. The transmission line characteristic impedance
and phase velocity are now a function of the bias voltage, which has application in
phase shifters or dynamic tuning elements.
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Fig. 3.8 A balanced slow wave two-conductor transmission line.

3.1.2 Inductors

Inductors are used extensively to tune out parasitics and for matching at RF frequen-
cies and take the form of spiral inductors or short sections of transmission lines.
While lumped inductors are generally smaller than distributed circuit equivalents,
the advantages of distributed circuit elements include better prediction, scalability,
and improved isolation. The value of the inductance of a shorted transmission line
depends only on the length, Zj, and propagation constant v = a + j 3. If a trans-
mission line is well characterized, then any arbitrary inductance can be synthesized
by varying the length of the line. Furthermore, there are no “leads” that add par-
asitic inductance. A common example is the inductance degeneration employed in
amplifiers, which places an inductor from the source to ground. The value of the
degeneration inductance is ambiguous, though, as the terminals of the inductor are
widely separated. The “return path” flows through ground and through the gate (or
base) elements, forming a series resonant circuit. The proximity of the ground and
the placement of the gate (base) inductors therefore have an appreciable impact in
the value of inductance, requiring careful analysis. Since ground return currents flow
intrinsically in the transmission line, there is no ambiguity as to how currents flow
in the structure and the proximity of the ground plane minimizes induced currents in
the substrate.

In many situations, though, a lumped inductor can be realized with higher quality
factor. For typically small inductors with L ~ 100pH, simple ring inductors, as shown
in the inset of Fig. 3.10, are sufficient. In fact, we can draw an analogy between a
ring inductor and a differential transmission line. To realize high Z; transmission
line, we increase the gap spacing to increase the inductance per unit length while
reducing the odd mode capacitance per unit length. But in order to short the line with
low inductance, we prefer to bend the end of the line and reduce the gap spacing.
Furthermore, to present close leads to connect to a capacitor or transistor, we prefer
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1 0

Fig. 3.9 (a) A high Zj line is formed by using a large gap spacing in the differential line. (b) A
differential transmission takes the form of a loop when practical leads are formed.
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Fig. 3.10 Measured resonance of a mm-wave tank formed by a ring inductor and MIM capacitors.

to also bend the front of the line, as shown in Fig. 3.9b. Clearly this structure very
much resembles a ring inductor, showing a close connection between transmission
lines and ring inductors.

A ring inductor has been designed and fabricated in a Si RF process. To accurately
measure the () factor, a parallel resonant circuit is formed with MIM capacitors. In
this way, the @ factor is insensitive to small lead inductance and resistance since
at resonance the circuit forms a “open” or large impedance circuit. The measured
resonance curve is shown in Fig. 3.10. The resonator occupies an area of 1502;m?
and has aloaded measured quality factor over 20. The inductor has been simulated and
measured separately and the @) factor is between 30-40, which shows that the MIM
capacitors have comparable (). An electric shield surrounds the structure to minimize
the coupling to Si substrate. This “open” shield structure is used to minimize eddy
current flow.
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3.1.3 Capacitors

In mm-wave circuits, capacitors in matching networks and resonators are usually
realized as transmission lines whereas lumped capacitors are employed for AC cou-
pling and DC bypass. Because lumped capacitors reside in the signal path, optimizing
their design and layout as well as modeling their behavior accurately over a broad
frequency range is of a crucial importance. For both AC coupling and DC bypass,
an ideal structure would have infinite impedance at DC and zero impedance at the
frequency of interest. Thus, large high quality factor capacitors with self-resonance
frequency situated above the frequency of interest are desirable. Even if the capac-
itor self-resonates below the frequency of interest, as long as its impedance at the
frequency of interest is sufficiently low (even if inductive), it can still be used effec-
tively for both AC coupling and DC bypass. If the impedance is not sufficiently low,
then it becomes important to accurately model the behavior so that the parasitics are
absorbed into the matching network.

3.1.3.1 Coupling Capacitors

“Finger” (comb) capacitors, sometimes referred to as “MOM” (metal-oxide-metal)
capacitors, can be easily fabricated in any modern CMOS process due to the abun-
dance and high packing density of the metal layers. Finger capacitors are com-
posed of a large number of parallel fingers connected to either port of the device
as shown in Fig. 3.11. Each finger consists of all available metal layers stacked
on top of each other in order to decrease its resistance which increasing both its
quality factor and the self-resonance frequency. The metal layers are connected to-
gether through the maximum number of vias possible in order to take advantage of the
additional via-to-via capacitance. If a lower parasitic substrate capacitance is

. . top metal

- -
) 3 sl ol
-n— H

metal 2

. -
f; metal 1

E—il—

Fig. 3.11 Layout geometry of a “finger” or “comb” capacitor structure.
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desired, the lowest metal layer can be omitted, but this negatively affects the quality
factor of the structure. At each port, a wide slab consisting of a small 45° taper is
used to connect the fingers. In order to realize a given capacitance, either a large
number of short fingers in parallel or a small number of long fingers can be used. The
former structure results in smaller finger resistance and inductance but larger lead
parasitics due to the transition from the signal lines to the capacitor plates. The latter
structure exhibits the opposite tradeoff. This tradeoff and the optimum geometry are
dependant on the overall capacitor size.

Given that no new layers are needed in the fabrication of MOM capacitors, they
are less expensive than Metal-Insulator-Metal (MIM) capacitors, which employ a
sandwich structure with a thin high-K dielectric. If the density of MIM capacitors
are sufficiently larger than*“finger” structures, then the area savings may outweigh
the additional fabrication costs.

3.1.3.2 Modeling
The symmetric capacitor equivalent circuit shown in Fig. 3.12 is used to model AC
coupling capacitors over a broad frequency range (from DC to 100 GHz). R;, C1,

and L, model the finger capacitor while C5 models the oxide, and C'5 and Rs model
the substrate.

R’ C1 Ly
N - N

Cy —= — Cs

03 I Rs Ry 1 C

Fig. 3.12 Symmetric layout AC coupling capacitor model.

The circuit components values are optimized in order to match the model simulated
network parameters to the measured network parameters. If only the S-parameters
are used in the optimization, it is very difficult to extract the value of R;. In an
S-parameter measurements, the 502 resistance is connected in series with each
port, overshadowing R; which is usually in the order of hundreds of m2’s. For this
reason, Y and Z parameters are derived from the measured S parameters and used
simultaneously in the optimization. Because the branch composed of R, C1, and
L, has a much lower impedance than the branches composed of C5 3 and R», the
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former dominates the Y parameters and the latter dominate the Z parameters. Thus,
a simultaneous Y and Z parameter optimization is used.

3.1.3.3 De-Coupling Capacitors

Very large capacitors (e.g. 2-5 pF) are desirable for DC bypass applications. How-
ever, scaling the AC coupling capacitors described above would result in considerably
lower self-resonance frequencies that render the structure unusable as a DC decou-
pling capacitor. In a bypass capacitor, one port is always connected to ground (or sup-
ply) and therefore the entire bottom plate of the capacitor can be “shorted” and used
as a low inductance path to ground. Having a low impedance ground plane consid-
erably lowers the series inductance and thus increases the self-resonance frequency
of the capacitor enabling large capacitors to be functional at mm-wave frequencies.

Other techniques in the layout of the MOM capacitor have appeared in the liter-
ature. The layout incorporating a mesh structure is shown in Fig. 3.13 uses fingers
at right angles, resulting in both a fringe and overlap capacitance. The layers are
interconnected multi-layer meshes that are interlocked together.

Fig. 3.13 The layout of a “mesh" capacitor structure.

3.1.3.4 Varactors

Varactors are key building blocks in many circuits, particularly in voltage-controlled
oscillators. The variation in capacitance versus tuning voltage and the quality factor
are important metrics. The quality factor of capacitors drops inversely with frequency
due to any series resistance, and this is a severe limitation for on-chip structures. In
Fig. 3.14 we plot the quality factor of a MOS varactor. Evidentally the @ factor is
very low in the mm-wave frequencies. To first order the MOS varactor () factor is
independent of the device size since the channel resistance and capacitance scale
with the W of the structure. In inversion, the maximum capacitance is given by the
effective oxide thickness
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Fig. 3.14 Measured (a) capacitance and (b) quality factor of a MOS varactor (N =5xW =40) as
a function of bias voltage.

Co=W-L-Cy (3.32)

whereas the resistance is proportional to the gate and channel resistance. The channel
conductance contribution is given by

w
Gch X I /JCoz(VGS — VT) (3.33)

so that the () is independent of W and C,,,

Gen  (Vas—Vr)

Q= oo 7s (3.34)

necessitating one to employ the shortest channel length and highest mobility possible.
For this reason electrons are the preferred carriers in the channel of a MOS varactor.
The low @ factor of mm-wave varactors is a major limitation since a poor quality
VCO tank directly translates into poor phase noise performance unless tuning range is
sacrificed. The difficulty in producing a wide tuning VCO in the mm-wave band favors
transceiver architectures with lower frequency VCOs and frequency multipliers.

3.1.4 Transformers

Transformers have found many unique applications in RF CMOS and SiGe circuits.
For mm-wave circuits, they can be used for driving balanced circuits, such as a Gilbert
cell mixer, for AC coupling, and for impedance matching. Their compact size, the
ability to AC couple and provide DC voltages, makes these devices very convenient
in the design of mm-wave circuits.

Two coupled inductors, for instance two ring inductors shown in Fig. 3.15a,
form a simple transformer. The measured insertion loss of the structure is shown
in Fig. 3.15b. The structure exhibits about 1 dB of loss when the device is loaded
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Fig. 3.15 (a) The layout of a simple 1:1 transformer. (b) The measured insertion loss and matching
of the structure.
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Fig. 3.16 The simulated insertion loss of a transformer as a function of outer diameter.

with the optimal source/load impedance. In many applications, the load and source
capacitance can be absorbed into the transformer. More complicated geometries are
possible for the realization of higher turn ratios [29]. Due to the high frequency of op-
eration, the area of these structures must be scaled down to realize high self-resonant
frequencies. For a given frequency of operation, one can determine the optimal size
through EM simulation, as shown in Fig. 3.16, where the outer radius is swept to find
the optimal radius. Clearly a larger inductor if beneficial since the winding resistance
can be thought of as a shunt resistor to ground of value wL(@), which should be as
large as possible. A larger inductor has lower series resistance but higher substrate
losses. There is thus an optimal radius that produces the best () x L product for the
windings. An example design will be highlighted in the next chapter, where the LO
port of a Gilbert cell mixer is driven with an on-chip balun.
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3.1.5 Resonators
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Fig. 3.17 The measured (a) quality factor @ = 3/2« and (b) characteristic impedance of a CPW
transmission line resonators with varying gap spacing: S = 2 um, 4 ym, 7 ym, 9 pm.

Resonators are useful building blocks in filters and in oscillators. We have already
demonstrated that simple LC tanks can be used as resonators in the mm-wave regime,
and the behavior is closely captured by a lumped equivalent circut. As long as the
structure is physically small as to keep the self-resonant frequency larger than the
mm-wave band of interest, there is no problem in thinking of a small ring or spiral
as a lumped inductor.

An alternative to the ring is a resonant transmission line. For instance a shorted
section of transmission line will self-resonate at every odd multiple of the quarter
wave frequency. As already noted, the quality factor of the line is givenby @ = 3/2«.
The @ of several CPW transmission line resonators is plotted in Fig. 3.17a based
on the measured S-parameters of the transmission lines. The various electrical and
magnetic loss mechanisms have already been discussed but it is noteworthy that at
resonance the electric and magnetic field energy are equal, and so both contributions
of loss are important. It is clear that using a wide gap spacing increases the @, but
the improvement in () is limited since the electric field leaks into the substrate and
introduces significant loss at higher frequencies. The characteristic impedance Zj is
shown in Fig. 3.17b, where the Z increases in step with the gap spacing as more
magnetic energy is stored while the electrical energy storage drops. It is noteworthy
again that the improvement in Zj is limited by the substrate, especially above 40 GHz.
We often desire to alter the self-resonant frequency of a resonator, in particular in
the design of voltage-controlled oscillators (VCOs). We may use a varactor loaded
LC tank or even a slow wave varactor loaded transmission line. The tank inductor
can be realized by a transmission line shorter than A\/4.

Itis interesting to note that the optimal quarter wave line is not a uniform line [15],
since the voltage/current profile and the corresponding electrical/magnetic energy
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Fig. 3.18 The standing wave pattern for voltage and current along a quarter wave short-circuited
line in resonance.

storage varies along the line. A differential stripline shorted at one end exhibits the
standing wave mode shown in Fig. 3.18 at resonance. At the shorted end of the line,
the voltage is at a minimum and the current at a maximum, so the losses at this
point come only from the series resistance of the metal line. Conversely, at the driven
end, the voltage is at a maximum and the current at a minimum, so the losses at
this point come only from the shunt conductance between the differential lines. This
phenomenon can be exploited to lower the losses of the resonator and thus raise the
quality factor [15]. At the shorted end of the line, the metal conductors can be made
wider to reduce the series resistance without having to worry about the increase
in shunt conductance. The gap spacing can also be made wide since the voltage
difference between the lines is small. Similarly, at the driven end of the line, the
conductors can be made very narrow, lowering the conductance, without having to
worry about the increase in series resistance. The gap spacing should be small in order
to minimize field leakage into the substrate, since the fields are strongest at this end
of the line. Along the rest of the line, shunt conductance and series resistance can be
traded off to achieve a tapered line with much lower losses than the optimum uniform
line. The optimum taper shape would thus end up looking similar to Fig. 3.19a. From
this analysis we draw an important conclusion that the optimal resonator is in fact
very similar to an LC circuit. To see this notice that circuit can be partitioned into
a low Zj transmission line in series with a “loop" inductor, as shown in FIg. 3.19b.
It’s clear that the low Z,, section is mainly contributing capacitance to the tank and
can be replaced by a more energy efficient MIM or MOM structure described earlier.
With this substitution, we clearly identify this circuit as a an optimal LC' tank.
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Fig. 3.19 The optimal profile for a transmission line tapers from a low Zy capacitive section to a
high Zy inductive region. This taper profile resembles a lumped LC tank.
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3.2 Active Devices

3.2.1 Modeling

Circuit designers typically use “compact” models for design and verification of Si
integrated circuits. Compact models are the interface between the technology and
the design. A circuit designer learns about a process by experimenting with the
compact model, rather than running expensive and time-consuming experiments.
Therefore compact models should be scalable with geometry and accurate across a
wide temperature and bias voltage range.

Several good compact models have been developed for digital, analog, and RF
applications [16] [17] [18] [19]. These models use a combination of physical and
empirical methods to develop general equations, usually a large number of them, to
describe the behavior of the device. Several parameters are embedded in each equa-
tion in order to customize it for the desired technology or device. These parameters
are necessarily determined through complicated curve fitting procedures (parameter
extraction) and shape the familiar model card for circuit designers. Most compact
models have the advantage of describing the behavior of the device in all regions of
operation at the same time. Furthermore, they provide small and large signal analysis
as well as noise analysis. They also operate over a fair range for geometry, width and
length of the device, over which the extracted parameters are valid. This generality
however comes with an accuracy penalty if the model is used over a bias or geom-
etry range outside of the extraction process. Moreover, the core equations in most
compact models have been derived under quasi-static assumptions. This, together
with the fact that most of available extracted parameters are done so for low-GHz
frequency purposes, make these compact models less desirable and inaccurate for
millimeter wave applications.

There are two main reasons for this inaccuracy: First of all, as mentioned before,
the fact that the parameter extraction has been done in lower frequencies makes the
extrapolation to mm-wave frequencies problematic. Some of device mechanisms that
are not well captured at low frequencies, and naturally not modeled properly, have
considerable effect on the performance of the device in higher frequencies, resulting
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in some inaccuracy. The substrate network including capacitances and resistances is
an example of such an effect. The inaccuracy due to this effect could be addressed
by increasing the frequency range for parameter extraction process.

The second reason for the error in modeling is due to the important role of the
device layout and this is more difficult to address. The device interconnections to
the outside world introduce small inductors, resistors and capacitors to the model.
These small components are generally negligible at lower frequencies making the
device model more or less independent of layout. These components however change
and in fact dominate the performance of the device as the frequency increases. This
makes it crucial to include these parasitics into the model. An accurate prediction of
these parasitic requires full-wave electromagnetic simulation, which is difficult and
expensive to perform in a compact model, and therefore it is best to capture these
parasitic through experimental means. Existing compact models can be used as the
core for a hybrid customized mm-wave model. In essence, each small finger of the
transistor is modeled with the “intrinsic" transistor model based on the quasi-static
equations whereas the interconnection between the fingers and the interconnect are
captured by electromagnetic simulation and experimental techniques.

Given the difficulties in modeling the device, one may be tempted to work directly
with measured data. In traditional microwave design the common approach is to use
measured S-parameter data for a specific device and treat to the transistor as a black
box. This approach is very accurate in nature and accounts for all parasitics and
distributed effects associated with the device and the layout. While this method is
sufficient for small-signal circuit design applications, the accuracy of the S-parameter
data hinges on reliable measurements of the device and de-embedding structures. As
a result, the accuracy of the method may deteriorate for very high frequencies, both
due to limited accuracy of test equipment and due de-embedding errors. Besides,
this method is not suitable for simulation of any non-linear circuit such as mixers or
oscillators or the assessment of the dynamic range of amplifiers. Moreover, because
the transistor is treated as a black-box, there is no physical insight for improving
the device performance or layout. Due to these issues, for mm-wave application, a
combination of RF methodology and traditional microwave method is preferred even
for small-signal applications.

3.2.2 Active Device Design

As was mentioned in the previous section, device performance in mm-wave frequen-
cies is impacted by the device layout. Unlike low frequency circuit design in which
the device design is absolutely in the realm of process engineers, here the circuit
designer could — and should — alter the device performance drastically by changing
the device layout. This enables the designer to layout the device based on the perfor-
mance metric which is more important in a specific application. f;,q., for instance,
which is an indicator of the speed of the transistor, has been reported to vary from
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80 GHz to up to 280 GHz for an identical CMOS 90nm process, mainly due to
differences in the layout [20][21]%.

The most common and important performance metrics for mm-wave devices
include the fr, finqz, Maximum Stable Gain (MSG), Maximum Unilateral Gain
(U), output power (F,,:), drain efficiency (14) and minimum noise figure (Fy,in).
The selection of the appropriate metric as an optimization target depends on the
specific application of the device.

If a transistor is modeled as a linear two-port network and represented with y-
parameters, a common figure-of-merit used to characterize the active device is Ma-
son’s unilateral gain [6],

U— 1 fyo1 — y12|2
4 g11922 — g12921

where g;; = R(yi;). One property of the unilateral gain, as proved by Mason, is that
the addition of lossless capacitors or inductors around the device will not change U'.
The conditions for a generic two-port to be active are complex [22], but for nearly
all CMOS transistors, a simpler test for activity can be used, viz.

(3.35)

U>1 (3.36)

For most practical cases, U is a monotonically decreasing function of frequency,
and the device becomes passive where U = 1. Since f,q, is often beyond the fre-
quency capabilities of the measurement system, it is common practice to use low-
frequency measurements of U and report f,,,,.. as the extrapolated frequency where
U =1 (assuming a 20 dB/decade slope). At frequencies approaching f,,,4., U often
drops at a rate much faster than 20 dB/decade (Fig. 3.20). Therefore, it is imperative
that U is measured and modeled as closely to the targeted operating frequency of the
circuit as possible to minimize errors associated with extrapolation.

Transistor Layout

Consider a multi-finger transistor composed of N identical devices in parallel. If
ideal connections between all of the devices are assumed, the port admittance matrix
of the composite device is Yror = NpYpinger. Since all of the admittances are
scaled by Np, it is easy to see from Eq. 3.35 that

UTOT = UFinger (337)

Therefore, f,,q, Of the multi-finger transistor is identical to f;,,4. of the individual
fingers. Even if non-ideal interconnectis modeled, the dominant effect for transistors
much smaller than a wavelength is additional low-loss parasitic capacitance and
inductance, which have a negligible effect on U, and thus f,.. is also not greatly

2 Portions of this text are taken from [3], (©) IEEE 2005)
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Fig. 3.20 Measured (markers) and modeled (solid lines) unilateral gain U, maximum stable
gain MSG, maximum available gain M AG, and current gain ha;, for a typical NMOS device
(W/L =100 x 1pm/0.13pum, Ips/W =300pA/pm, Vpg = 1.2V). The maximum frequency
of oscillation, based upon the device circuit model, is fyqz = 135 GHz. This is much lower than
the value of 200 GHz attained if a 20 dB/decade slope is assumed [3] (© IEEE 2005).

affected. In the next section we will revisit this issue when we consider transistor
layouts that become appreciably large to invalidate this assumption.

Therefore, for now it is sufficient to only consider the optimal layout for a single
finger. The physical layout of a single finger is shown in Fig. 3.21, along with a phys-
ical model depicting the dominant high-frequency loss mechanisms. As mentioned,
fmaz 18 limited by resistive losses, the most significant being the gate resistance
(Rg), series source/drain resistances (Rg,Rp), non-quasi-static channel resistance
(rngs), and resistive substrate network (s, Rqp and Ry, ) [23]. The series source
and drain resistances are dominated by the intrinsic spreading resistance and are less
sensitive to layout changes (such as by increasing the length of the source/drain re-
gions). The non-quasi-static channel resistance models the effective increase in gate
resistance due to the finite channel charging time, and can be shown to be inversely
proportional to g,,, [24]. The gate resistance, R, accounts for the distributed RC
nature of the polysilicon gate, and can be approximated using a lumped resistor with
value [8] [9]

Rpoly WF

R~ =
¢ 3n2L

(3.38)
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Source Gate Drain

Fig. 3.21 Simplified physical model for one finger of an NMOS device [3] (© IEEE 2005).

where R,y is the polysilicon gate sheet resistance, W is the finger width, L is the
channel length, and n = 1,2 is determined by the number of gate contacts.

Although using two gate contacts reduces the gate resistance by a factor of 4, one
can alternatively use fingers with width Wy /2 and double the number of fingers to
achieve the same effect. Using two gate contacts requires more complicated routing
of the gate line, and often comes at the expense of increasing other parasitics, such as
the gate inductance, the source resistance and inductance, and substrate resistance.
Therefore, for an in-line transistor layout the narrowest possible gate fingers should
be used.

To gain insight into the effect of layout on f;;,4., consider the first-order approx-
imation [11] [12] (neglecting Rp and substrate losses),

fi

fmafE ~
2\/Rg (9mCya/Cyg) + (Rg +7eh+ Rs) gas

(3.39)

where Cyy = Cys + Cyq is the total gate capacitance. It is well-known that in order to
maximize fy,qz, the fingers should be narrow. For a fixed Ips/W (i.e., constant Vi g),
reducing the finger width results in R being decreased, while all other resistances
(per finger) are increased. For very narrow finger widths, the second term in the
denominator of Eq. 3.39 will dominate, R will become negligible, and f,,,4, will
approach a value that is independent of Wr. The polysilicon gate sheet resistance
only affects how narrow the fingers must be made. Although the dependence of f,4
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on the complete model with all parasitics is complicated and cannot be expressed in
closed-form, Eq. 3.39 possesses the correct qualitative dependence of f,4, on Wg.
Furthermore, minimizing W to optimize f,4, allows the substrate contacts to be
placed more closely to the device, thus minimizing the losses due to the network.
Therefore, with optimal layout, f,,., is not limited by the gate resistance, but is
primarily determined by the series source/drain resistances and substrate losses.

200 1

100

50

Current Density, Ipg/W [uA/um]

20

Finger Width, Wg [um]

Fig. 3.22 Measured frq2 [GHz] for minimum channel length (L = 0.13 pm) NMOS transistors.
The constant fy, 42 contour lines are linearly interpolated between the measurement data. The peak
measured frqz. fora100 X 1 um/0.13 um device biased at Ipgs/W = 250 uA /pm is 135 GHz [3]
(© IEEE 2005).

The optimal transistor finger width for a commercial 130-nm digital CMOS pro-
cess has been determined empirically. The measured f,,, for NMOS transistors
with minimum channel length as a function of finger width and bias current density
is displayed in Fig. 3.22. Nine devices with Wr = 1-8um and Nr = 40-100 in
common-source configuration with the bulk and source grounded and the gate con-
tacted on one side were fabricated. For six bias points (20 — 300 4 A / um) per device,
a transistor model was extracted from the measured data in order to find f,4.. The
constant f,,,, contours shown in Fig. 3.22 were linearly interpolated between the
measured data points.

For a constant current density, the device fr remains fixed (e.g., 100 uA/pm, fr
is 70 GHz). It is clear from Fig. 3.22 that, depending on the finger width, f,,,. canbe
much larger or smaller than f7 . Thus, the optimal layout for mm-wave applications
requires CMOS transistors to be designed using many extremely narrow fingers in
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parallel (less than 1 um each). This is in stark contrast to GaAs FETs with metal
gates, where relatively few fingers of wide devices (30 — 75 um) are typically used
[25]. Furthermore, the device must be biased well into strong inversion (around
100 — 300 ©A /pm) for mm-wave operation. By proper layout and biasing, though,
the fy,qx of an NMOS transistor in a standard 130-nm CMOS technology can easily
surpass 100 GHz, opening the possibility for mm-wave circuits.

Transistor Wiring

To determine the effect of the wiring layout on device parameters, a physical small
signal model is used in order to ascertain the effect of each parasitic on the desired
performance metrics of the device. The small-signal model of the device is not
necessarily unique and different combination of lumped element values could satisfy
the required matching between the measurement and the simulation result. As a
result, in order to make the model physical, the values of these parasitics were partly
determined through 3D EM simulation (Ansoft HFSS) and were set as the initial
value for optimization 3.

The developed physical small-signal model helps determine the effect of each
parasitic element on the performance of the transistor. Ultimately this insight can be
used to determine the optimal transistor wiring and layout. For example, the layout
and wiring of a common source device has been optimized for f,, 4, in a commercial
90nm technology process. Using the previously discussed approach, the starting
point for this procedure was a Ny = 80 finger 80 pum/90nm sized device with an
MSG of 7.5 dB at 60 GHz and the extrapolated f,,,, of 143 GHz. Compared to
130 nm technology, this device consumes less current for the same gain, but it only
has a slightly higher gain at 60 GHz and only a marginally larger f,, ... A sensitivity
analysis was performed using a small-signal model and the variation of maximum
unilateral gain U and maximum stable gain together with maximum frequency of
operation, f,qz, were determined.

As expected, the gate to drain capacitance and the gate resistance have the largest
impact on f,42, and thus layout wiring should minimize them as much as possible.
It is worth noting that MSG does not change with a reduction in gate and drain series
resistances when the transistor is conditionally stable (KX < 1). This makes sense
since to render the device stable in this region, we have to add resistances to the input
and output ports. The source resistance, however, changes the MSG since it changes
the effective transconductance through its local series feedback effect.

The NMOS structure was modified based on these findings. Mainly the shape of
gate and drain tapers, number of gate vias, and width of connections and gate/drain
overlap regions were changed. Fig. 3.23 shows a layout comparison of the structure
before and after modification. The measured performance of the initial device and that
of the modified device is shown in Fig. 3.24. The f,4. for the improved structure
is up to 178 GHz as was predicted by the analysis. The maximum stable gain of

3 Portions of this text are taken from [27], (© IEEE 2007)
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Fig. 3.23 Initial and improved layout for an 80 um/90nm NMOS device. The improved layout
also includes more substrate contacts and a higher density of gate vias.

50 T wmse

MSG/U [dB]

-10 T T

1 10 100 200
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Fig. 3.24 The effect of layout improvement over Mason’s Unilateral Gain U and MSG [27] (© IEEE
2007).

the device is intact however since the device is in the conditionally stable region and
changing series gate and drain resistances does not change the maximum stable gain.

Round-Table Structure

Working with a simple in-line transistor layout, our previous research showed that
the optimal multi-finger layout and wiring of an NMOS device could increase the
fmaz up to 20%, but increasing the performance required further innovation. This is
particularly true of the available gain in conditionally stable frequencies. In order to
improve the performance of the device even further, a new structure for the device
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Fig. 3.25 Layout of the “Round Table" device [27] (© IEEE 2007).

was proposed [26]. The idea is to reduce the parasitic losses by using a modular
approach in device design.

The building block is a standard W =10 pym devcie with Ny = 10 fingers, using
double-gate contacts in order to decreases the finger resistance of the device as
much as possible. Since each finger of the device forms a distributed RC' network,
double contact reduces the resistance of each finger by a factor of four [29]. These
cells are then connected in a matrix or circular fashion depending on the desired
size of the final transistor. Fig. 3.25 shows a W = 60 ym NMOS using a circular
connection, hence the name “Round Table". This structure uses external double-
contacts (between cells) and multi-path connections between sources and drain of
the sub cells.

Several dimensions of these devices were fabricated in 90nm CMOS process.
Measurements were carried out up to 65 GHz and probing pads were de-embedded
from the devices. Fig. 3.26 shows MSG, Mason’s gain (U) and Hs; ofa W = 40 um
round-table NMOS. The f,q, is calculated by extrapolation of the Mason’s gain
U for frequencies between 20 GHz to 50 GHz, a frequency range where the most
reliable data occurs. As evident, measurements suggest significant improvement in
both the speed and the desired gain of these devices as compared to in-line layout
transistors with the same number of fingers. Even though f7 remains almost constant
(100 GHz), f 42 improved by almost two fold, or to about 300 GHz. This is of course
the extrapolated f,,,q; since the device introduces new high frequency poles after
100 GHz, rendering the linear approximation of the U curve inaccurate beyond
100 GHz. The model extrapolated f;,q, is 200 GHz. Unlike the improvement of
the in-line multi-finger device presented in the previous section, the MSG of the
round-table device increases even at frequencies in which the device is conditionally
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Fig. 3.26 Measured h21, Mason’s Unilateral Gain (U) and Maximum Stable Gain (MSG) for a
40 um /90nm Round Table device [26] (© IEEE 2007).

stable. The MSG at 60 GHz is 8.5 dB from the value of 7.5 dB (regular NMOS) for
Ip = 28 uA/pm. The ratio, frqz/ ft, @ measure of the optimality of the physical
structure of the device, is greater than 2 and as large as 3 (when using the 20 dB/dec
extrapolation), the highest reported for CMOS. The improvement of the maximum
stable gain is the result of decreased source resistance and parasitic drain to gate
capacitance that both act as internal series and shunt feedback. The improvement of
fmaz Was mostly due to reduction in the gate and drain resistances.

Table 3.1 A comparison of the small-signal equivalent circuit parameters for an in-line transistor
and a Round Table transistor [27] (© IEEE 2007).

In-Line Device Round Table Device
Ry () 4.46 2.23
Rg () 3.54 242
Rs (m€2) 672 438
Cygs (fF) 35.7 57.1
Cya (fF) 21.3 17.2

Table. 3.1 compares the result of extracted small-signal parameters of a round-
table W = 40 pm device to a regular optimized multi-finger 40 um transistor. All the
resistive losses have been reduced considerably as shown in the accompanying table.
The parasitic gate-source capacitance of the device is increased. This is mainly due
to the increased overlap capacitance between source and gate in order to reduce the
gate and source resistances. This is a good trade-off since the C'y, does not directly
affect the f,,4. and MSG as much as the device loss.

ADVANCED MICRO DEVICES, INER2023-00788 Ex. 1036, p. 599 of 645



3 Active and Passive Devices 89

3.2.3 Small-Signal Model

At mm-wave frequencies, series resistive and inductive parasitics become more sig-
nificant. Consequently, it is critical to properly model these parasitics, in addition to
the capacitive effects that are traditionally captured by digital CMOS models [23].

Considering the small margins for modeling errors, the following modeling
methodology for active devices is suggested to yield a model with the highest possible
accuracy:

e Since the precise layout details—connections to the gate, drain, source, and bulk,
location of the substrate contacts, number of fingers, etc.—have a major impact on
the parasitic elements, models should be extracted only for fixed layouts.

o The transistors in the circuit have the identical layout as the devices used for the
model extraction.

e For the highest accuracy, a bias-dependent small-signal model is extracted. For
increased flexibility, a large-signal transistor model based on BSIM3 has also been
demonstrated to provide good results up to 65 GHz [1].

The physical model depicting the significant high-frequency parasitics was shown
in Fig. 3.21, and Fig. 3.27 shows the corresponding extended circuit model. The core
device is modeled using either a lumped small-signal model (Fig. 3.27) or using a
standard BSIM3 model card. In addition to the parasitic resistors, series inductors
must be added to all terminals—Lg, Lp, Ls—to properly model the delay effects
associated with interconnect wiring. Notice that all of the capacitors (e.g., Cyq ,Cyd,
Cys) account for both the traditionally “intrinsic" channel and overlap capacitances
as well as the traditionally “extrinsic" wiring capacitances.

For each model, the extrinsic component values and device parameters were ex-
tracted from measured data using a hybrid optimization algorithm in Agilent IC-CAP
[30]. S-parameters for the simulated small-signal model and measured data up to
65 GHz are shown in Fig. 3.28 fora 100 x 1 m/0.13 pm NMOS transistor biased at
Vs =0.65Vand Vpg = 1.2 V. The excellent broadband accuracy of the simulation
compared to the measured data verifies that the topology of our model is correct and
complete. Furthermore, it also demonstrates that distributed effects and frequency-
dependent losses caused by the skin effect can be adequately accounted for using
only lumped extrinsic components with frequency-independent values.

The transistor gains—Mason’s unilateral gain, maximum stable gain (MSG), max-
imum available gain (MAG), and current gain—for this device are plotted in Fig. 3.20.

The accurate modeling of the unilateral gain is particularly important. Unlike the
MSG and current gain, Mason’s unilateral gain is a very strong function of all resistive
losses. Therefore, accurately fitting the unilateral gain validates that the important
loss mechanisms have been properly modeled. As mentioned earlier, these resistive
losses are critical because they ultimately limit the high-frequency capabilities of the
transistor.

For a common-source 90nm CMOS device, a small-signal model as shown in
Fig. 3.29 is used. This lumped equivalent circuit also adds parasitic resistances and
inductances as well as a substrate network to the well-known hybrid-7 model of the
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Fig. 3.27 Small-signal transistor model for an NMOS device showing the important parasitic ele-
ments [3] (© IEEE 2005).

core transistor. Figure 3.30 shows the result of this modeling technique by comparing
S-parameters measurement of a sample common-source transistor to its extracted
model. The model shows a good match with the measurement up to 100 GHz as
evident in this figure.

3.2.4 Large-Signal Model

Although ac models are often sufficient for the design of linear circuit blocks, the
optimization of nonlinear circuits such as mixers, power amplifiers, oscillators, and
frequency multipliers, requires precise knowledge of the nonlinear characteristics of
the active devices over a wide operation range*.

Large-signal device models have evolved into two basic categories: table-based
[32] and physical [33][34]. At mm-wave frequencies, GaAs FET models commonly
employ table-based models derived from bias-dependent linear measurements. The
large-signal accuracy of table-based models is limited by the existence of discontinu-

4 Portions of this text are taken from [1], (© IEEE 2004)
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Fig. 3.28 Measured (markers) and simulated (solid lines) S-parameters for a typical NMOS device
(W/L =100 % 1pum/0.13um, Ipg/W =300uA/ pm, Vps = 1.2V) [3] (© IEEE 2005).
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Fig. 3.29 Small-signal equivalent circuit of a common source CMOS device modeled in 90 nm
technology [31] (© IEEE 2007).

Rsub, 1

Rsub,3

ities in the model elements and nonlinearities in their interpolation due to imperfect
measurement data [35]. Recent efforts to model the large-signal distortion perfor-
mance of CMOS transistors with compact models have provided accurate results,
but have been verified only at frequencies below 2 GHz [34][36].

In this section, we introduce an extension to the standard BSIM3 modeling proce-
dure, and provide experimental validation of small-signal and large-signal accuracy
up to 65 GHz.
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Fig. 3.30 A comparison of the measurement (marker) and modeled (line) transistor S-parameters
up to 100 GHz for an NMOS device in 90 nm technology [27] (© IEEE 2007).

Modeling Methodology

The proposed modeling methodology is based on the quasi-static assumption that
the mm-wave large-signal performance of a transistor is primarily governed by its dc
nonlinearities, while the dynamic performance can be modeled with the addition of
extrinsic parasitics to capture loss and inductive effects, which become particularly
important at mm-wave frequencies.

The proposed modeling methodology uses a core BSIM model for the intrinsic
transistor, augmented with extrinsic parasitics as depicted in Fig. 3.31. The series
source and drain resistances are dominated by the intrinsic spreading resistance
in the source-drain extension (SDE) region near the channel. The gate resistance,
R¢, accounts for the distributed RC' nature of the polysilicon gate, and can be
approximated using a single lumped resistor”. Additionally, series inductors must be
added to all terminals, Lg, Lp, Lg, to properly model the delay effects associated
with interconnect wiring. Layout-dependent interconnect capacitances are also added
around the intrinsic device, and junction diodes account for the voltage-dependence
of Cdb and Csb-

5 The bias dependence due to the channel inversion level is ignored.
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Fig. 3.31 BSIM3 core model with extrinsic parasitics [1] (© IEEE 2004).

Model Extraction

A 80 x 1 pum/0.13 pum NMOS transistor, optimized for operation at mm-wave fre-
quencies and fabricated on a standard 0.13- yum CMOS process, is used as a demon-
stration vehicle in the large signal modeling. De-embedding structures were used to
remove the effects of the pads from the small-signal device characterization.

For dc large-signal characterization, /- measurements were used to extract
the core BSIM parameters of the fabricated common-source NMOS. As shown
in Figs. 3.32a and Fig. 3.32b, a good agreement between measured and modeled
dc curves can be achieved for this device. Next, over a wide bias range, extensive
on-wafer S-parameter measurements to 65 GHz were performed on a Cascade Mi-
crotech probe station using an Anritsu 37397C VNA and Cascade Microtech GSG
coplanar probes. The external parasitic component values for the model were ex-
tracted using a hybrid optimization algorithm in Agilent IC-CAP. S-parameters for
the simulated model and measured data up to 65 GHz are shown in Fig. 3.33 for a
typical bias sweep over Vs for the de-embedded transistor. The broadband accuracy
of the model verifies that using lumped parasitics (Fig. 3.31) is suitable well into the
mm-wave region.

Large-Signal Measurement Setup

The nonlinear model described in Section 3.2.4 needs experimental verification. Two
common approaches to characterize transistor mm-wave nonlinearity are with mm-
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Fig. 3.32 (a) Measured and modeled Ips vs. Vpg. (b) Measured and modeled g, vs. Vg [1]
(© IEEE 2004).
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Fig. 3.33 Measured and modeled S-parameters for Vpgs = 1.2V, and Vs = 0.2.0.4V [1] (© IEEE
2004).

wave load-pull measurements and power spectrum analysis [37]. While the former
requires automated tuners, the latter, which was chosen in this work, can be performed
with only a synthesizer, VNA, and power meter (Fig. 3.34). The fabricated device
is driven over a wide range of input power and bias conditions, while the output
powers at the fundamental and harmonic frequencies are measured. In the harmonics
power measurement setup of Fig. 3.34, the VNA is configured as a receiver in the

ADVANCED MICRO DEVICES, INER2023-00788 Ex. 1036, p. 605 of 645



3 Active and Passive Devices 95

Anritsu 69397C Anritsu 37397C
(65 GHz synthesizer) (65 GHz VNA)
GPIB 4+ 10 MHz

= oo EEEE Bl reference signal 0 Errer
8 8o 8885 2|Ogges
el 8 loBoBob)
ol g o}
/‘D—m’\ [= )=l [=[=]=]|[a]=]s]

:
)
|

56230 (65 GHz
_ @ power sensor)
geeeQree i

ML2437
(power meter)

A OUTH g 1 ]
Probe station | |

— —

Fig. 3.34 Test setup for mm-wave harmonics measurements [1] (© IEEE 2004).

Set-On mode. In this mode of operation, the source lock circuitry of the 37397C
is completely by-passed which allows all of the 37397C samplers to operate over
their full dynamic range. The 65 GHz synthesizer and 37397C are locked to the
same 10 MHz reference, enabling coherent reception at the harmonic frequencies. A
65 GHz high dynamic-range power sensor is used to de-embed the insertion loss of
the cables, probes, adaptors, etc. from the measurements. Port2 of the VNA requires
a 10-dB attenuator to avoid compression when the fundamental power is strong,

thus limiting the sensitivity of the power measurement at 60 GHz to approximately
-35dBm.

Measured And Simulated Results

Fig. 3.35a shows the measured and modeled fundamental, second, and third harmon-
ics at the output when the device is driven by a 20 GHz 0-dBm signal with a bias of
Vbs = 1V and variable V5. The output powers at the fundamental and second har-
monics agree very well, whereas the agreement at the third harmonic is reasonable,
but not as good. The measurement of the third harmonic for Vigg > 0.4V is limited
due to the dynamic range of the VNA samplers at 60 GHz.

Similar experiments were performed at a different input power (-2 dBm) and signal
frequency (30 GHz). Fig. 3.35b shows the measured and modeled fundamental and
second harmonics of the output signal for the same bias conditions. Good agreement
is observed at both the fundamental and second harmonic. Since the second harmonic
at 60 GHz is strong, it is within the dynamic range of the measurement setup.

Fig. 3.36a displays the measured and modeled 60 GHz large-signal amplification
characteristics of the device. The model closely predicts the fundamental output
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Fig. 3.35 (a) Fundamental, second, and third harmonics vs. the gate bias (Vgg) for Vpg = 1V,
Pjy, = 0dBm, fynq = 20 GHz. (b) Fundamental and second harmonic vs. the gate bias (Vzs) for
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Fig.3.36 (a)Large-signal gainvs. gate bais (Vs ) for Vpg = 1V, Py, = —2dBm, fynq = 60 GHz.
(b) Class AB power sweep curves [1] (© IEEE 2004).

power for the device over a large bias range from weak inversion to very strong
inversion.

Many mm-wave circuits, such as mixers and frequency multipliers, operate by
exploiting the strong nonlinearity of transistors biased near the threshold voltage,
effectively using the device as a rectifier. To determine the accuracy of the model
for these applications, the transistor was biased at constant Vg = 0.2V, and the
input power was swept from P;,, = —3dBm to +3dBm at a fundamental of 30 GHz.
The results shown in Fig. 3.36b show that the extended BSIM model provides good
accuracy for class AB operation over a wide range of input signal power.
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The results validate that with accurate dc nonlinearity fitting, a simple extended
compact model can predict the harmonic distortion behavior of a device up to 60 GHz.
The ability to model the strongly nonlinear case of class AB operation is also verified,
which suggests that the model is viable for use in the design of nonlinear mm-wave
blocks such as mixers, power amplifiers, and frequency multipliers.

3.2.5 FET Noise Model

An accurate noise model is crucial in designing low noise amplifiers. Typically
foundry compact noise models have been optimized to fit measurements up to
20 GHz, and typically the mismatch between measurement and the model is signifi-
cant at higher frequencies due to inadequacies of compact models. This inadequacy
arises from the distributed nature of the device near the fr and uncertainty to the
cause of the excess noise in short channel devices. Traditional microwave design, on
the other hand, is based directly on two-port noise parameters. Although this method
is the most accurate, its applicability is limited due to the difficulty in noise parameter
measurement and the lack of robust de-embedding for Si devices.

The noise figure of a two-port system based on the four noise parameters is given
by 2]

R,
F= Fmin + G ‘Ys - Yopt‘2 (340)

in which F},,;, is the minimum achievable noise figure, I?,, is the noise sensitivity
resistance, and Y, is the optimal source noise admittance, and Y, = G5 + jB; is
the source admittance.

As technology has advanced, CMOS technology minimum noise figure F},,;,, has
dropped significantly, approximately like (f/ f)

The above is calculated based on Pospiezalski’s noise model [38] (see next section),
which has resulted in a good match with CMOS devices in mm-wave frequencies. In
the limit that we use short transistor fingers to minimize the gate resistance R, the
noise is bounded by the NQS resistance seen at the gate Ry = 1/5g,, [24], which
makes the fundamental noise just dependent on the technology parameters

min > 5
( ft @
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Based on this simplistic prediction, a plot of F,,;,, is shown in Fig. 3.37, which shows
that F),;, is as low as 2.5 dB at 60 GHz in the 90nm node. Actual measurements
show that this lower bound is reached to within 1dB in practice, which is very
encouraging. For example, measurement results at mm-wave frequencies (60 GHz)
on the 130 nm transistor also reveal that the minimum achievable noise figure is
between 3-4 dB. This level of performance is sufficient for many applications. The
remaining challenge is to build an amplifier that can actually match for low noise.
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Fig. 3.37 Lower bound for minimum achievable noise figure F,,;, as a function of technology
node.

3.2.5.1 Review of Noise Models

The classical Van Der Ziel RF noise model [39][40] is well known. As shown
in Fig. 3.38, the high frequency noise of the device is described by two correlated
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Ing 9g Cys— GmUgs (* s ind
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Fig. 3.38 The van der Ziel RF noise model.
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current noise sources, namely the induced gate noise (i,4) and the short-channel
drain current noise (%,4). The current noise sources are given by

-2
Y’nd _ Y
by —4kT(a)gm (3.41)
Z'2
ng __
A} =1Tdg, (3.42)
aw?C2,
ing ’ i:Ld ~
~ j0.395 (3.44)

CcC=
2 52
\/an Ynd

where c is the correlation factor between the two current noise sources. The in-
duced gate noise increases with the square of frequency, playing an important role
at microwave and mm-wave frequency. The short-channel drain current noise is pro-
portional to -y, which increases with shorter channel length processes [41]. Flicker
noise, usually considered a low frequency noise source, can play an important role
at mm-wave frequencies due to the noise translation in non-linear and time-varying
circuits.

Unfortunately correlated noise sources are not easily incorporated into standard
based compact models. Even though it is mathematically trivial to add correlated
noise sources to the simulators, due to the historical absence of such elements,
other approaches have been taken to model the noise. A procedure to implement cor-
related noise into Verilog-A is reported in [42]. In the holistic thermal noise model
of BSIM [16], shown in Fig. 3.39, the noise is partitioned into a gate noise and a
drain noise. The induced gate noise is captured due to the source noise voltage, but
unfortunately the phase of the correlation is not imaginary as predicted by the Van
Der Ziel model. The Philips MOS11 model, shown in Fig. 3.39b, captures the gate
noise automatically since the transistor is broken into a pseudo-distributed circuit
[43]. Measurements show that in practice five sections is sufficient to accurately
capture the induced noise.

On the opposite end of the spectrum, one can characterize noise based on mea-
surement data, as shown in Fig. 3.40. In this approach, the transistor is modeled as
a two-port noiseless black box with two external correlated input noise generators,
namely the equivalent input noise voltage and the equivalent input noise current.

ADVANCED MICRO DEVICES, INER2023-00788 Ex. 1036, p. 610 of 645



100 Niknejad, Emami, Doan, Heydari, Bohsali

D

8 o

aliy
Ind1 lnd2 lndz lndy lnds
\ Channel /

segmentation

iy
1. lolo

D

Noise
partition

/ i,,d
model model

(a) (b)

Fig. 3.39 (a) BSIM4 noise model. (b) Philips MOS 11 noise model.

The drawback is that this model is valid only for a fixed bias point and at a single
frequency.
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Fig. 3.40 Measurement-based noise model.

Equivalent-circuit noise models are essentially based on the Van Der Ziel model.
The PRC model shown in Fig. 3.41a, models the induced gate noise and the drain
current noise through the following equations

;2

tnd

nd _ 41Tg,, - P 4

Af kT gpm (3.45)
iy _ g o (3.46)
Af Im .
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ngtnd i (3.47)
\/Z%q iid

and the parameters P, R, and C are extracted from measurement data. On the other
hand, the Pospieszalski model [38], shown in Fig. 3.41b, assumes the gate noise
voltage and the drain noise current are uncorrelated, and it models the induced gate
noise source as thermal noise contributed by the NQS resistance. It thus requires the
extraction of only one parameter. Due to the simplicity of this noise model, and its
ability to predict the device noise (shown in the next section), we have adopted this
model in our mm-wave research.

Ing gmviG> Gds Ind Tngs gmVi( y ) YJas @lnd

() (b)

Fig. 3.41 (a) PRC noise model. (b) Pospieszalski noise model.

The basic small-signal model can include noise if one can correctly partition the
gate resistance into an intrinsic and extrinsic portion. Since the extrinsic resistance is
bias independent, one can use several bias points to derive the intrinsic gate resistance.
Extraction of the short-channel drain noise current yields a value for v of 1.4. The
Pospieszalski model was chosen because it yields reasonably good results while
being simple and requiring the extraction of only one variable, which is beneficial
because high frequency measurements are usually quite difficult.

In essence the gate 1,45 and channel resistance ([245) are noisy. The former is kept
at the gate temperature which is close to the room temperature while the equivalent
temperature for the latter could reach several thousands degrees. Based on the value
of noise parameter, v = 1.4, the drain temperature is 3640°C.

Noise Measurement and Simulation Results

Noise measurement in the mm-wave regime requires a semi-custom setup due to the
unavailability of commercial solutions. A typical setup is shown in Fig. 3.42, which
incorporates a calibrated noise source, a source tuner to vary the source impedance,
a low noise amplifier and low noise mixer to down-convert the signal to an IF for
noise measurement [44]. Most noise figure meters allow an external down-converter
to be used for exactly this purpose. By varying the source impedance and measuring
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Fig. 3.42 (a) Noise measurement setup at mm-wave frequencies. (b) Photo of noise measurement
setup. (Courtesy of VTT)

the noise figure of the device, we can find the noise parameters of the transistor or
circuit under measurement.

In Fig. 3.43-3.44 we compare the measured and simulated minimum noise figure
(Fmin), noise resistance (R,), and optimal impedance (Y,,;) using the extended
transistor modeling approach for a commercial CMOS 130nm process. All simula-
tions results use v = 1.4. A good match is observed in many cases, especially in the
trends of the noise parameters versus bias and frequency. It’s interesting to note that
the noise of a cascade device is substantially higher than a single transistor, a result
that differs at low RF frequencies. This is because the cascade device contributes
negligible noise at low frequency due to the large degeneration impedance at the
cascade node. At high frequency, the capacitance at this node presents less degener-
ation to the casocde device, increasing the niose. Equivalently, the drain noise of the
cascode circulates within the device at low frequencies but flows through the node
capacitance at high frequency, which flows through the output.

The minimum noise figure and noise sensitivity of a W = 40 ym round-table
device in a 90 nm commercial CMOS is simulated based on the proposed model and
shown in Fig. 3.45. The F,,;, increases nearly linearly with frequency. However,
the noise sensitivity R,, decreases in the millimeter wave region. This translates
into a smaller penalty when deviating from the optimal source impedance. Another
key point in designing low noise amplifiers is the trade-off between gain and noise
optimization. In this case the optimal gain and noise circles for the same device
are close to each other on the Smith Chart. This together with the smaller noise
sensitivity means that a respectable noise figure could be achieved even by designing
the amplifier only for gain performance.

In Fig. 3.46 we compare the measurement and simulated results for the 60 GHz
3-stage amplifier discussed in [3]. Measurement and simulation results match rea-
sonably well. Most importantly, the trend with frequency and bias is well predicted,
allowing the circuit designer to optimize the performance of an amplifier.

ADVANCED MICRO DEVICES, INER2023-00788 Ex. 1036, p. 613 of 645



3 Active and Passive Devices

Fmin [dB]
~ o

w

PN
=]

55 60 65
Freq [GHz]

09

70

0.85

0.8

0.75

mag(Gopt)

0.65

50 55 60 65
Freq [GHz]

Gopt [50 to 75 GHz]

>
o

70

75

Fmin [dB]
w
o &

w

50 55 60 65
Freq [GHz]

0.95

70

09

0.85

0.8

mag(Gopt)

0.75

07
50 55 60 65

Freq [GHz]

Gopt [50 to 75 GHz]

70

75

(2)

(b)

Rn/50 [normalized]

angle(Gopt) [deg]

Rn/50 [normalized]

o

angle(Gopt) [deg]

Return Loss for Gopt(sim) [dB]

Return Loss for Gopt(sim) [dB]

0.

0.

0.

0.

0.

o
w

o
)

8

103

6

4

2

pc)
3

55

60 65
Freq [GHz]

55

60 65 70 75
Freq [GHz]

4

55

60 65 70 75
Freq [GHz]

pc)

55

60 65 70 75
Freq [GHz]

55

60 65 70 75
Freq [GHz]

55

60 65 70 75
Freq [GHz]

Fig. 3.43 Measurement and simulation results for the minimum noise figure (Fj,;y, ), the noise
resistance (R ), and the optimal impedance (Y, ) using the extended transistor modeling approach
for the devices biased at Ips/W = 150 pA / pm. NMOS devices sized at: (a) 40 X 1 4 (b) 60 X 1 .
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Fig. 3.44 Measurement and simulation results for the minimum noise figure (F},;y), the noise
resistance (R, ), and the optimal impedance (Y,p¢) using the extended transistor modeling approach
for the devices biased at Ipg/W = 150 uA/ pm. NMOS devices sized at: (a) 80 x 1 u (b) Cascode
40 X 2 .
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Fig. 3.46 Measurement and simulation results of noise figure for a 60 GHz amplifier [3] (© IEEE
2005).

3.3 Conclusion

In this chapter we have highlighted the design and modeling of passive and ac-
tive components for mm-wave applications. The design and modeling approach is
a result of several years of experiments and characterizations performed on various
technology nodes (180nm, 130nm, and 90nm). Custom layout is integral for achiev-
ing performance near the limits of activity of the process. In a modern CMOS or
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SiGe process, there is a rich variety of devices available to the designer, and yet
the designer should not shy away from customizing these structures for mm-wave
application requirements. We have demonstrated that custom tailored transmission
lines, transistors, and capacitors can be used for higher quality factors, higher gain,
and higher self-resonant frequency. The accuracy of the design approach and the
models is borne out by measurements and by circuit building blocks described in
Ch. 4. By building a library of active and passive components, and by carefully
modeling the components into the mm-wave regime, one forms the foundation for a
predictable and robust mm-wave design methodology. We have focused our attention
on CMOS technology, but certainly with passive devices almost all observations and
comments can be applied directly to SiGe or any other technology incorporating
a semi-conductive substrate. The design methodology for active devices is highly
dependent on the underlying device physics. We have shown, however, that the in-
trinsic transistor model remains valid well into the mm-wave regime, only requiring
careful measurements and modeling of the extrinsic device. This simplifies Si based
design tremendously, since active devices are carefully characterized and modeled
over process and temperature.
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Authorship on Application: Springer Science+Business Media, LLC, employer for hire; Domicile: not known;
Citizenship: not known. Authorship: text, editing.

ISBN: 978-0-387-76558-7
Names: Springer Science+Business Media, LLC
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