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Abstract— A new RF model for an AMOS varactor is presented
for 0.18 ym CMOS. This model is the first reported for frequen-
cies above 20 GHz in a standard CMOS technology. It does not
rely on boundary conditions for different modes of operation
and all component values in the model are calculated using
clearly defined physical equations, making it easily adaptable
to any varactor layout or even other CMOS technology nodes.
The presented varactors are then implemented as neutralizing
capacitances in a 23 GHz, two-stage, differential low-noise
amplifier (LNA) design. Measured results of the fabricated LNA
include a peak gain of 7.7 dB and a minimum noise figure of 4.5
dB at a frequency of approximately 23 GHz.

I. INTRODUCTION

By tying the source, drain and bulk terminals of a MOSFET
together and varying the voltage applied between the resulting
terminal and the gate, the charge layer beneath the gate
oxide in a standard NMOS transistor will vary. This creates
a capacitance between the heavily doped n™ polysilicon gate
electrode and the drain/source/body connection that can be
easily tuned by varying a single DC voltage.

It is possible to modify the NMOS device such that it is
limited to operation in the accumulation and depletion regions
only, allowing the circuit designer to tune the varactor between
a high and low capacitance value over a large range of bias
voltages. Such a varactor is known as an Accumulation-mode
MOS (AMOS) varactor and can be created by placing the n™
diffusion regions of an NMOS device in an n well region. The
resulting varactor is illustrated by a cross-section of the device
in Figure 1.

Fig. 1. Cross-section of an AMOS varactor.

The resulting capacitance seen between the varactor termi-
nals, Cqr, can then be roughly approximated according to the
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equation L
c,.C
Coar = WepsLojp P 1
var eff EffC;z‘f“Cd@p ( )
where L.yy is the effective channel length, W.;; is the
effective channel width, » is the number of gate fingers used
and C,, and C, , are the capacitances per unit area of the
oxide and depletion regions, respectively.

II. AMOS VARACTOR MODELING

Recent publications that have explored the varactor mod-
eling challenge suffer from at least one of the following
difficulties:

o They rely on components which are derived from ex-
tracted data, as can be seen in [1], and often use non-
physical, curve-fitting parameters.

« They employ separate models for the various operating
regimes, making their use extremely difficult in circuit
simulation.

In this paper, a new AMOS varactor model is presented
that addresses each of these issues. The final model is shown
in Figure 2 and is followed by an in-depth analysis of all
the parasitics associated with the AMOS varactor, which is
essential to producing a accurate results.

A. Channel Capacitance

When the voltage seen at the gate terminal drops below
the voltage of the channel, a depletion region begins to form
beneath the gate oxide. The width of this depletion region
varies with the magnitude of the voltage difference, creating
an additional capacitance, Cyep, in series with the gate-channel
capacitance, C,., which reduces the total capacitance seen. If
we define the effective gate area A, as

Ag=LeptWers 2)

then the width of the depletion region can be calculated as [2]

Qd@p

2651'
wqg =\ 1| Verr — = 3
¢ quell 1 COIAQ ( )

where eg; is the permittivity of silicon, ¢ is the elementary
charge and N, is the carrier concentration of the n well
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Fig. 2. Cross-section of an AMOS varactor showing the lumped element components used in this model.

region. Qqep i8 the depletion region charge, which is calculated
as

“)

Finally, V. represents the effective voltage seen across the
variable capacitance and is used to ensure that Qgep, ap-
proaches zero with the device being driven into accumulation.
It can be calculated by [2]

1
VEff§<

where Vi, 1S the applied bias voltage and &4 is used to
determine the speed at which wg (and hence Cg.p) changes
with the applied voltage and is usually chosen to have a value
of approximately 0.01.

By substituting equation (3) into equation (4) we obtain the
following result for the depletion region charge

Qd@p = quellwdAg

‘/bzms + 6d - Vbias) (5)

€ai
Qdep = —qNwell —

ox

2
&7,
Ag = \/q2N3,e” (C/SZ)Q A2 +2qNyen€ssVesp A2

©
Then, by using this expression in equation (3) we obtain a
continuous function for wy at any applied bias voltage. Al-
though this function never reaches zero regardless of the bias
voltage applied, wy is very small for positive gate voltages.
Since Cyep is simply calculated as

€51
Cuep = — A, 7
dep wy g ( )
this implies that Cyep actually increases as wq decreases. Then,
by examining equation (1), it becomes apparent that as Cge,
continues to increase, its effect on the overall capacitance
decreases and eventually becomes negligible.

B. Overlap Capacitance

The second major contributor to the capacitance seen be-
tween the varactor terminals is the overlap capacitance, Cly,
created by the overlap of each gate finger over the n diffusion
regions. To model this contribution, we begin by calculating
the actual parallel plate capacitance of the overlap as

Cpp = CoWepsLown (8)

where L,, is the length of the overlap region on one side of
the channel.

Secondly, we examine the extrinsic fringing capacitance,
Cleqt, which is calculated using the following equation from
(4]

2 Eored
C@zt - ;601 In < 1]: ly>W6ff2n (9)

where 4,0, is the thickness of the polysilicon gate material
and £, and €,, are the thickness and permittivity of the gate
oxide, respectively.

Although the top side of the gate is separated from the
diffusion region by at least Zpoy + fos, it can also have
a significant effect on the overlap capacitance, and can be
calculated using [3]

L
Ciop = €onIn (1 e 7>W5”2n
tpaly tox

where L is the drawn gate length.

Since Cy,: occurs through the channel region, it can only
exist in the absence of a charge layer. As a result, C;,,; varies
with the width of the depletion region and can be calculated
using [4]

(10)

2 2 ox
Cint — —€4; In (1 + i sin ( 5
™ t

ox €si

> > Wefon (1 1)
The total overlap capacitance can now be calculated using

Cm; - Cpp + C@zt + CtOp + Cint (12)

This overlap capacitance is significant as it can contribute more
strongly to the overall capacitance seen across the varactor
terminals than the channel capacitance itself, especially when
the device is in depletion mode.

C. Channel Resistance Model

Increasing the width of the depletion region also results in
an increase in the channel resistance. By adapting the channel
resistance equation given in [2], the following equation can be
used to model this resistance

Legy

Rpy=—2
c quellMAchn

(13)
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where  is the mobility of electrons in the channel and A,y is
the cross-sectional area of the channel, which is depends on
the depth of the »' diffusion region, X, and is given by

Ach = ngf (Xj — wd) (14)
D. Substrate Model

To develop an accurate substrate model, we begin by calcu-
lating the capacitance C,.; between the charge layer formed
at the bottom of nt diffusion region and the n well to p
substrate interface. The resulting equation for this calculation
is therefore a function of the total area beneath all n* diffusion
regions, Agqe, as

€si
Copr= ———
act Dn — Xj
where D,, is the depth of the n well.

Secondly, the vertical resistance from the nt diffusion
regions, through the n well, to the p substrate can be obtained.
By taking the total area of the n well region as the cross-
sectional area, Ay, to be used in the resistance equation,
we obtain

D, —X;

quelanAwell
Next we determine the cross-sectional area of one side of
the p™ ground contact as

Asub - Xchan

Aact (15)

Rwell = (16)

(17)

where X, is the depth and L.y, is the length of the pT ground
contact implanted in the substrate. With this parameter, the
resistance seen between the n well and ground contact, Rsyp,
which is dependent on the distance between these structures,
Dyyq, and can be calculated as

Dyna
Rows = ___gnd (18)
e qNsuanAsub
where N,,p iS the substrate carrier concemration.
The area of the side of the n well (A% = [,,.;D,) can

then be used to calculate the substrate capacitance as

Gy ’
Coub = ﬁAlegfl
It should also be noted that if multiple ground connections are
in place in the circuit layout then the resulting resistances and
capacitances should be considered to be in parallel.

The varactor configuration discussed thus far relies on a bias
voltage applied to the gate terminal, meaning that the RF signal
enters the varactor’s n well through the n™ diffusion regions.
This in turn means that whatever DC bias voltage, Vpc, is in
place in the circuit at the varactor’s drain/source connection
point is also passed to the n well, effectively reverse biasing
the p—n junction at the well to substrate interface and allowing
Cuwenr to be calculated using [5]

(19)

NsubNuwell
Cwett = €si Awent 1 ( ) @0)
2¢s: (PBs + VDo) \ Nwell + Noub

where ®p; is the built in electrostatic potential barrier, which
is defined as the difference between the fermi levels of the p
and n materials respectively [5].
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Fig. 3. Back-to-back varactor model including all parasitic components.

E. Additional Parasitics

The resistance inherent to the use of n™ polysilicon as
the gate material, R, has been well documented and can be
calculated as

R, — Wers 2
J L 12n

where RY, is the resistance per square of the gate material and
the factor of 12 is used to account for the fact that the gate
fingers are connected at each end.

The resistance through the n™ diffusion region relies on the
length, Lg;¢, and sheet resistance, R;‘q, of the nt diffusion
region as

21

Bass
By——2 ¢ 22
4 2TLW5ff %4 ( )

The inductance of the via connection, L, is obtained by
treating the via as an antenna and taking the integral over
volume of the magnetic field. Using this approach we obtain

o MOLvia
677 10

L, (23)
where 7., and L,;, are the radius and length of the via
respectively.

III. MEASURED RESULTS

In order to isolate the varactor control voltage from the
circuit connection points a differential structure is often used
as illustrated in Figure 3. In this setup, which we will call
“gate-biased”, Viqs 1S applied to the varactor gates. An al-
ternative configuration, which we will call “diffusion-biased”,
reverses each varactor so that V3, is instead applied to the
diffusion regions, which has the inherent effect of improving
the @ factor.

To validate the presented model, simulations were run at 25
GHz and the results are compared to the W = 9 x 2.5 pum
varactors fabricated in 0.18 ggm CMOS in [6] in Figure 4 (a)
and (b). Figure 4 (c) validates the model for other varactor
sizes by comparing the simulation results to a fabricate W =
16 x 2.5 pm, diffusion-biased varactor.

IV. DIFFERENTIAL LOW-NOISE AMPLIFIER

A two-stage LNA designed for operation at 23 GHz is
shown in Figure 5. This design uses neutralizing capacitors,
Cy, to improve the reverse isolation of the amplifier by can-
celing the feedback path through the gate-drain capacitance,
C'yq, of each transistor. This technique is difficult to implement
since a small mismatch between Cy and Cyq can produce
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Fig. 5. Schematic of the differential LNA including matching and drain bias
networks.

instability. To compensate for this 40 pm wide, diffusion-
biased varactors were implemented for each Cly.

Thanks to the accuracy of the varactor model presented in
this paper, along with their tunability, the risk of creating
instability in the amplifier due to improperly chosen values
of Cy was low. The measured noise and gain performance
of the fabricated circuit is then shown in Figure 6, along
with the simulated results that were obtained by using the
presented varactor model. The good agreement between these
curves provides further evidence of the validity of the varactor
model. In addition, the excellent minimum noise figure of 4.5
dB at a frequency of 23.5 GHz is the best noise figure reported
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Fig. 6. Measured noise figure and gain.

for a differential amplifier in standard 0.18 pm CMOS at
frequencies above 20 GHz to date.

V. CONCLUSION

A lumped element model has been presented for an AMOS
varactor. This model relies on the technology parameters and
layout dimensions, making it easily adaptable to any varactor
size in any standard CMOS technology. It is also valid in any
mode of operation, making its implementation in any circuit
simulator straight forward. The presented model compares
well to measured results for different size varactors using
different bias configurations and its successful implementation
in a 23 GHz differential LNA gives strong support to the
validity of the model.
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