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ABSTRACT

In this paper, we have analyzed the Double-Pole Four-Throw Double-Gate Radio-Frequency Complementary
Metal-Oxide-Semiconductor (DP4T DG RF CMOS) switch using S-parameters for 1 GHz to 60 GHz of frequency
range. DP4T DG RF CMOS switch for operation at high frequency is also analyzed with its capacitive model. The re-
sults for the development of this proposed switch include the basics of the circuit elements in terms of capacitance, re-
sistance, impedance, admittance, series equivalent and parallel equivalent of this network at different frequencies which

are present in this switch whatever they are ON or OFF.

Keywords: Capacitive Model, Double-Gate MOSFET, DP4T Switch, Isolation, Radio Frequency, RF Switch,
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1. Introduction

Continuous scaling of CMOS technology has now
reached to a state of evolution, in terms of both frequency
and noise, where it is becoming a rigorous part for RF
applications at high frequency region of the system. The
aggressive scaling of metal-oxide-semiconductor field
effect transistors (MOSFET) has led to the fabrication of
high performance with a cut-off frequency more than
150 GHz. As a result of this development, the CMOS is a
strong candidate for RF wireless communications in the
GHz frequency range. The excellent improvement in the
frequency response of silicon CMOS devices in recent
years has motivated their use in millimeter-wave appli-
cations.

Saha [1] solved a problem of critical issue with the
continued scaling of MOSFET devices towards their ul-
timate dimensions near 10 nm regime, and define the
process variability induced device performance variabil-
ity has become a critical issue in the design of very large
scale integrated (VLSI) circuits using advanced CMOS
technologies. Manku [2] has discussed the design issues and
the microwave properties of CMOS devices with qualita-
tive understanding of the microwave characteristics of
the MOS transistors which is helpful for IC circuit
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design to create better front-end radio-frequency CMOS
circuits and presented the network properties of CMOS
devices, the frequency response, the microwave noise
properties and scaling rule. Mekanand et al. [3] have
proposed a transceiver CMOS switch for 2.4 GHz with
low insertion loss and excellent control voltage. These
simulation results of CMOS switch design demonstrate
an insertion loss of 1.102 dB for receiving mode and
1.085 dB for transmitting mode. Both modes can operate
using a control voltage of only 1.2 V. Srivastava [4] de-
sign a model for a capacitor device using MOS layers
with an oxide thickness of 528 A (measured optically),
and measured the material parameters from the curve
drawn between capacitance and voltage through the
Visual Engineering Environment Programming (VEE
Pro) software. In this research, to find good result,
vary the voltage with smaller increments and perform the
measurements. Litwin [5] has presented a model for gate
resistance (Ry) component in silicided polysilicon
gate MOSFETs and discussed the high frequency proper-
ties depend critically on Ry, which has motivated the
recent addition of a resistive gate input in the BSIM3v3
MOSFET model. These results show that the contact
resistance between silicide and polysilicon, built into the
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gate of a typical MOSFET, is of the same magnitude as
the silicide sheet resistance. Srivastava et al. [6,7]
presented a model for a capacitor device, oxide thickness
of 510 A (measured optically), measures the oxide
thickness by the SUPREM simulator. Its accuracy de-
pends on the quality of models, parameters and numerical
techniques it employ and also verify the result by meas-
urement of capacitance at different voltages using LCR
meter. Based on this oxide thickness measurement of a
MOS capacitor, one can measure the device parameters,
mainly the substrate dopant concentration.

Ye and Cao [8] realized that the random variations
have been regarded as one of the major barriers on
CMOS scaling and proposed a compact 3-D model and
perform the atomistic simulations to investigate funda-
mental variations in a scaled CMOS device, including
random dopant fluctuation (RDF), line edge roughness
(LER), and oxide thickness fluctuation (OTF). These
models are scalable with device specifications, enabling
quantitative analysis of circuit performance variability in
future technology nodes. Caverly et al. [9] fabricated
some cells using standard processes of 2.0 pu, 1.2 p and
0.8 u CMOS integrated circuit with no post-processing
performed. The results indicate that 2.0 um CMOS can
be used successfully up to approximately 0.25 GHz with
0.8 pum cells useful up to approximately 1 GHz. Srivas-
tava et al. [10] investigated the design parameters of RF
CMOS cells which is suitable for switch in the wireless
telecommunication systems and this results for the de-
velopment of a cell library which includes the basics of
the circuit elements required for the radio frequency
sub-systems of the integrated circuits such as V-I char-
acteristics at low voltages, contact resistance which is
present in the switches and the potential barrier with
contacts available in devices.

Moldovan, et al. [11] demonstrated the capability of
undoped Double-Gate (DG) MOSFET explicit and
analytical compact model, to forecast the effect of the
volume inversion on the intrinsic capacitances. For that
purpose, Moldovan simulated the results for these
capacitances, which presents an accurate dependence
on the silicon layer thickness, consistent with two-
dimensional numerical simulations, for both thin and
thick silicon films. Also, even if the current drive and
trans-conductance are enhanced in volume inversion
regime, this compact model results that intrinsic capa-
citances are higher as well, which may limit the high-
speed (delay time) behavior of DG MOSFETs under
volume inversion regime. Huang [12] fabricated a
Single-Pole Double-Throw (SPDT) transceiver switch
for 3.0 V for a 0.5 p CMOS process. This analysis shows
that substrate resistances and source/drain-to-body capa-
citances must be lowered to decrease insertion loss. This
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switch exhibits a 0.7 dB insertion loss, a 17 dBm power
1 dB compression point (P 48), and a 42 dB isolation at
928 MHz. The switch has adequate insertion loss,
isolation, P, dB, and IP; for 900 MHz ISM band appli-
cations requiring a moderate peak transmitter power level
(~15 dBm). Hamed et al. [13] emphasized on use of in-
dependently driven nano-scale DG MOSFETs for low
power analog circuits and satisfied that in independent
drive configuration, the top gate response of DG MOS-
FETs can be altered by application of a control voltage
on the bottom gate.

Srivastava, et al. [14] proved that to avoid the uses of
multiple RF chain associated with the multiple
antennas (used to replace traditional single antennas
circuitry in the radio transceiver system in order to
improve the transmission capability and reliability), RF
switch is most essential component. So in [14] we
proposed a Double-Pole Four-Throw (DP4T) RF switch
using CMOS technology with inverter property. Due to
these advantages, we extend this design for a DPAT DG
RF CMOS switch and intend its equivalent network cir-
cuit to realize S-parameters after that measured the per-
formance parameter as isolation, VSWR and returns loss
in an RF system. The RF switch with CMOS especially
striking for various applications because it allows inte-
gration of both digital and analog functionality on the
same die and increasing performance which is due to
double-gate MOSFET. In the design of DP4T DG RF
CMOS switch structures for digital and analog, a trans-
action between speed and frequency response and circuit
complexity is always encountered. Applications for a
CMOS switch also covers the areas of micro power cir-
cuits and other wireless applications at frequencies from
1 GHz to 60 GHz.

In this paper, we present a comprehensive study
S-parameter for the low-power, high speed DP4T DG RF
CMOS switch. The DPAT DG RF CMOS switch struc-
tures with its capacitive models are studied to understand
the effect of device geometry on the working of switch-
ing properties. The organization of the paper is as fol-
lows. The DPAT DG RF CMOS switch model is pre-
sented in the Section 2. The capacitive model of DPAT
DG RF CMOS switch is discussed in the Section 3. The
S-parameters of the DP4T DG RF CMOS switches are
discussed in the Section 4. Finally, Section 5 concludes
the work.

2. DP4AT RF CMOS Switch Model with
Double-Gate

Since connecting an n-channel MOSFET in parallel with
a p-channel MOSFET allows signals to pass in either
direction. Whether the n-channel or the p-channel device
carries more signal current depends on the ratio of input
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to output voltage. Because the switch has no preferred
direction for current flow, it has no preferred input or
output. In this section, we have designed a DP4T RF
CMOS switch structures using double-gate MOSFET as
shown in Figure 1 for low power consumption and low
distortion for application of RF switch in communication
that operates between 1 GHz to 60 GHz. This switch
exhibit high isolation to avoid mixing of received signals
at a particular time [15].

This switch contains double-gate n-MOSFET in its
main architecture which is shown in Figure 1 and its
layout using a design tool Microwind 3.0 version is
shown in Figure 2, similarly, we can the design double-
gate p-MOSFET. This switch circuit is designed with a
Micro-Cap Evaluation 6.0 tool. In this switch, transmit-
ted signal from power amplifier is sent to transmitter
through double-gate p-MOSFET to transmitter named as
A Tx and B Tx, here two identical double-gate
p-MOSFET are used and received signal which travel
from the antenna through double-gate n-MOSFET to the
receiver named as A Rx and B _Rx, two identical
double-gate n-MOSFET. The switch designed here is
suitable to drive 50 Q resistive loads and utilized multiple
gate fingers to reduce the parasitic capacitance. This
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Figure 1. Basic double gate n-MOSFET.

—SiO;
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Figure 2. Layout of the Double-Gate (DG) MOSFET.
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switch requires only two control lines (V,, V) of 1.2 V
to control the signal congestion between two antennas
and four ports. Signal fading effects can be reduced
with this DP4T DG RF CMOS switch because sending
identical signals through multiple antennas will most
likely result in a high quality combined signal at the
receiver end.

In DP4T switch as shown in Figure 3, four transistors
are used for two antennas. In this antenna by using the
CMOS functionality, at a time any one of transistor M,
or M; will operate and in the same fashion any one of
transistor M, or My will operate as these are combination
of n-MOSFET and p-MOSFET and supply voltage is
either zero or 2.1 V.

3. Capacitive Model of DP4T DG RF CMOS
Switch

The capacitive models of a DP4T DG RF CMOS Switch
is biased in linear region, at the ON state of switch, here
at a time only one transistor will be ON either double-
gate n-MOSFET or double-gate p-MOSFET. The capaci-
tive model for a double-gate n-MOSFET is shown in
Figure 4. For the given design of DPAT DG RF CMOS
switch capacitance model under the operating condition
is shown in Figure 5. Here we consider the ON status,
because the insertion loss is conquered by its ON-resistance
and substrate resistance [16,17]. Isolation of the switch is
finite due to signal coupling through the parasitic and
junction capacitances. For double gate MOSFET at cut-
off region, resistance Roni, Rony Will become zero. For
maximum capacitance, assuming all the capacitances is
present at a time. In the double-gate MOSFET, parasitic
capacitances are Cgs1, Casa, Cgs1, Coer, Coai and Cygp and
junction capacitances are not present as bulk that is not
available in this MOSFET.

For DG MOSFET when both the transistors are ON,
Cq and Cgy, are not present so fewer signals being
coupled to the substrate as substrate is not present in this
structure, so no dissipation in the substrate resistance Ry,
When the transistor is in cut-off region, increasing Cgq,

A_Tx B_Tx
X N
R1 R1 R1 R1
= ANT1 | ANT 2
Vll VlJ; VZI Vz‘[
L L4 X L
R2 R2 R2 R2
A_Rx B_Rx

Figure 3. DPAT DG RF CMOS switch proposed by [14].
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Figure 4. Model of the double gate n-MOSFET transistor
operating as a switch at ON state.

Cas2» Cadt, Coar, Cgs1 and Cy, leads to higher isolation
between the source and drain due to no capacitive cou-
pling between these terminals. At the transistors cut-off
region Cg, Coq and Cgq increases, which directs to lower
isolation between the source and drain due to capacitive
coupling between these terminals [18]. In Figure 4, for
DG MOSFET, the total maximum capacitance across
source to drain is given by (1).

gsl‘cgdl + CgsZ'ngz
Cgs1+ ngl Cgs2+ ngZ

For the model of a DPAT DG RF CMOS switch at ON
state the total capacitance will be individual capacitance

Co6=Cuat Cyt

)

of a particular transistor as any one transistor will be
ON at a time which are calculated for double-gate n-
MOSFET and double-gate p-MOSFET as given by (2)
and (3) respectively;

C,..-C C,.,C
_ gsnl* ™~ gdnl gsn2 " gdn2
CDGn - Cdsnl + Cdsn2+ C + C + C + C (2)
gsnl gdnl gsn2 gdn2
C.,...-C C,..,C
— gspl* gdpl gsp2 * ™~ gdp2
CDGp_ Cdspl+ Cdsp2+ C _+C + C _+C (3)
gspl gdpl gsp2 gdp2

And the ON-resistance will be combination of resis-
tances due to gate 1 (g;) and gate 2 (g;), which are par-
allel resultant.

Ry, = M 4)
1{ONI + RONZ
where,
1
Ron= 6]

W
“’Cox f (Vgs - Vth )

Since by the calculation of capacitances with (1) and
(2), we concludes that if the value of capacitances are
increases, then isolation will become better in DP4T DG
RF CMOS switch compare to already existing DP4T RF
CMOS switch. Also the resistance Roy is parallel com-
bination of Ron; and Rone which moves total resistance
down and helps in fast current movement and increases
the speed of switch. For appropriate working of a switch
and to reduce the insertion loss, we can also achieve re-
duction in ON-resistance with choosing transistor with
large p, increasing W/L, keeping V4 — Vy, large as clear
from (5) [19, 20].
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Figure 5. Capacitive model of the DP4T DG RF CMOS switch at ON state.
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4. S-Parameters of the DP4T DG RF CMOS
Switch

S-parameters describe the response of an N-port network
to voltage signals at each port. It has magnitude as well
as phase information means gain or loss and phase shift
information and it is a powerful way to describe an elec-
trical network. S-parameters change with frequency, load
impedance, source impedance and network.

For an example, authors have considered each avail-
able capacitance in Figure 5, of a 1 fF for DP4T DG RF
CMOS switch, and then it gives total capacitance of
Cpg of a 3 fF with help of (1). With this capacitance we
design a network of switch as shown in Figure 6, with
RF Sim-99, free available software. Here the tolerance
of total capacitance is consider as +2% to —2%. At fre-
quency band of 0.8 GHz to 60 GHz, we found noise
power of —173.83 dBm with return loss 10 dB, trans-
mission loss 0.46 dB, VSWR 1.93:1, reflection coefficient
0.316, system impedance 50 ohm [21]. We analyze this
DP4T DG RF CMOS equivalent switch for | GHZ,
2.5 GHz, 5 GHZ, 10 GHz, 25 GHz, 50 GHz and 60 GHz
of frequency [22-27]. These parameters are summarizes
in the Table 1.

Smith chart is a graphical aid, designed for RF
engineering to assist in solving problems with transmission
lines and matching circuits. Use of the Smith chart utility
has grown steadily over the years and it is still widely
used today, not only as a problem solving aid, but as a
graphical demonstrator of how many RF parameters
behave at one or more frequencies, an alternative to
using tabular information. The Smith chart is used here
to represent impedance, admittance, reflection coefficient,
scattering parameter, noise figure circle, constant gain
contours and regions for unconditional stability. The
Smith chart is most frequently used at or within the unity
radius region.

Table 2 shows the impedance, admittance, series
equivalent and parallel equivalent of this network at 1 GHz
to 60 GHz frequencies. After designing this network

Table 1. Measured parameters for DP4T DG RF CMOS
switch.

Parameters Measurements
Operating frequency 0.8 GHz to 60 GHz
System impedance 50 ohm
Tolerance of Capacitance +2% to 2%
Noise power —173.83 dBm
Return loss 10 dB
Transmission loss 0.46 dB
VSWR 1.93:1
Reflection coefficient 0.316
S0R S0R

=

- @
) 508.128 pF
T—z% +2%

—2%+2%

m i
3
- 2% +2%
508.128 pF

Figure 6. Equivalent circuit of the DP4T DG RF CMOS
switch.

of switch, we can draw the curve for S-parameters which
are shown in Figure 7 and Figure 8. With the help of
this curve, we tabularize the Sy, S5, S,; and S,, in Table
3, at the above stated frequencies. These values of
S-parameter give magnitude of S, and S,; in terms of dB
as shown in Table 4.

From the Table 2 it is revealed that the impedance,
admittance, series equivalent and parallel equivalent de-
creases with the increase in frequency. But the series
equivalent capacitance and parallel equivalent capaci-
tance are fixed at 508.13 pF whatever the value of fre-
quency. Also characteristics of impedance, admittance,
series equivalent and parallel equivalent inverted with the
increase in frequency.

From the Table 3 it has been concluded that at no sig-
nal, the entire unpredictable signal returned back, means
no any unwanted signal passes the switch because

Table 2. Impedance, admittance, series equivalent and parallel equivalent.

Frequency Impedance Admittance Series Equivalent Parallel Equivalent

GHz Real Img. (j) Real Img. (j) Resistance (ohm)  Capacitance  Resistance (ohm) Capacitance
1 64.1f -0.30 707.62f +3.32 64.10f 508.13 pF 1.41T 508.13 pF

2.5 10.32f —-0.13 647.69f +7.92 10.32f 508.13 pF 1.54T 508.13 pF
5 3.52f -0.06 897.02f +15.97 3.52f 508.13 pF L.11T 508.13 pF
10 1.09f —-0.03 1.13p +32.08 1.09f 508.13 pF 888.5G 508.13 pF

25 -8.27e - 16 -0.01 —5.04p +78.08 -8.27e - 16 508.13 pF -198.26G 508.13 pF

50 —1.76e — 16 —6.26m —4.5p +159.74 —1.76e — 16 508.13 pF -222.28G 508.13 pF

60 -1.37e-16 -5.22m -5.03p +191.57 -1.37e - 16 508.13 pF —198.88G 508.13 pF

Copyright © 2011 SciRes. WET
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Table 3. S-parameters of a designed switch at different frequencies.

Frequency Shi Sy Si2 Sz
GHz Mag. Ang. Mag. Ang. Mag. Ang. Mag. Ang.
1 1 -179.22 0 —89.22 0 —89.22 1 -179.22
2.5 1 -179.71 0 —89.71 0 —89.71 1 -179.71
5 1 —179.86 0 —89.86 0 —89.86 1 —179.86
10 1 -179.93 0 —89.93 0 —89.93 1 -179.93
25 1 —-179.97 0 —89.97 0 —89.97 1 -179.97
50 1 —-179.98 0 —89.98 0 —89.98 1 -179.98

Mag. = Magnitude, Ang. = Angle

Figure 7. Measurements of S;; and S,,, for DP4T DG RF
CMOS switch.

CMOS switch.

Si1 and Sy, are 1 and at same time S}, and S,, is zero. Also
with increase in frequency we achieve a fine angle. This
table also concludes that the maximum amplitude and
minimum amplitude of the resultant signal occurs when
the reflected wave is in phase and 180 degree out of phase

Copyright © 2011 SciRes.

Table 4. Magnitude of S;; and S,; (both are equal) at dif-
ferent frequencies.

Frequency Magnitude
GHZ dB =20.log;o(V)

1 -142.97
2.5 -150.51

5 —-156.60

10 —-162.66
25 —-170.60

50 —-176.60

60 -178.18

with the input signal, respectively. The reflected wave,
when summed with the input signal either increases or
decreases its net amplitude, depending on whether the
reflection is in phase or out of phase with the input signal.

From the Table 4, it is accomplished that the magni-
tude in terms of dB decreases with increase in frequen-
cies. We can also measure the reflection, VSWR (ratio of
the maximum reflected wave (in phase) to minimum re-
flected wave (out of phase) voltages in the standing
wave), return loss (a measure of the power of the re-
flected signal) [18], also a subset of insertion loss as
higher the return loss (or reflections) in an RF system,
the higher its insertion loss from these conclusion.

5. Conclusions

For the proposed capacitive model of the DP4T DG RF
CMOS switch, the equivalent circuit and simulated
S-parameters are presented. It includes the basics of the
circuit elements parameter required for the RF sub-sys-
tems of the integrated circuits such as ON resistance,
parasitic capacitances, S-parameters, impedance, admit-
tance, series equivalent and parallel equivalent. By using
these results, we can calculate the return loss, transmis-
sion loss, VSWR. For the purpose of a RF switch, we
achieve the process to minimize the ON resistance and
maximize the parasitic capacitance to control the isola-
tion and switching speed. Since here we discussed the
parameters for 1 GHz to 60 GHz operating frequencies of
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the RF switches so this is useful for IEEE 802.11 indus-
trial applications including Wi-Fi.
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