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ABSTRACT: A new set of simply analytical equations is proposed as
an alternative method to calculate the intrinsic transistor elements of an
extended model for microwave FET’s. This method is based on Y-pa-
rameters as well as on a new process to determine the differential resis-
tances Rfs and Rfd, including the frequency effect, in such way that mea-
surements at very low frequencies are not required and long iterative
methods are avoided. The method was applied to FET’s transistors and
the validity of the model is certified by direct comparison with measured
data from 1 to 45 GHz. © 2007 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 50: 453–457, 2008; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/mop.23130

Key words: FET’s; transistor model; equivalent circuit; intrinsic tran-
sistor

1. INTRODUCTION

A simple and accurate method for extracting the small-signal
equivalent-circuit model of high frequency FETs transistors is
required, becoming very important for evaluation of transistor
microwave performance and the design of monolithic microwave
integrated circuits (MMICs).

Generally, the equivalent-circuit model elements are divided
in two circuits: the extrinsic or parasitic transistor elements
(that not depend on bias) and the intrinsic transistor elements
(that are bias dependent). Figure 1 depicts the extended equiv-
alent circuit model for FETs. Here, Cpg, Cpd, Lg, Ls, Ld, Rg, Rs,
and Rd represent the eight external parasitic-pad effects, and the
10 elements: Cgs, Cgd, Cds, Rj, Rfd, Ri, Rfs, Rds, Gmo and �
correspond to the intrinsic transistor. It is important to mention
that in [1, 2] the intrinsic transistor is modeled by seven
elements only, while the extended circuit model proposed in [3]
and shown in Figure 1, includes three additional elements (Rj,
Rfd, Rfs). In this model, Rj is added to Cgd to make the circuit
symmetrical in reference with drain and source. Additionally,

the differential resistances of the gate diodes (gate-to-source
and gate-to-drain diodes), are modeled by the resistances Rfs

and Rfd, respectively, having a tendency to improve the model
at low frequencies.

Typically, the extraction process is divided into two stages:
the first stage is dedicated to determine the extrinsic elements,
while the second stage to obtain the intrinsic elements. Meth-
odologies to determine and remove the parasitic pad effects can
be classified as methods that are based on special test structures
and those that based on forward and reverse bias measurements.
In [1, 4-10], different methods to remove the parasitic-pad
effects in FET’s and HBT’s were proposed. Some methods
using open/short test structures were presented in [6] and [10],
while others based on forward and reverse bias measurements
are given in [1-3, 11].

Once the extrinsic elements are determined, a suitable deem-
bedding process is applied to remove the parasitic pad effects, to
determine the intrinsic transistor elements. In [2], a seven-element
model and exact equations were proposed. However, for the ex-
tended model given in Figure 1, the differential resistances Rfs and
Rfd are extracted neglecting the frequency effect on Y-parameters,
requiring measurements at very low frequencies [3]. On another
work [8], a long procedure based on approximations and an iter-
ative method was proposed.

In this work an alternative method is proposed based on a new
set of simple and exact analytical equations. Our method includes
the frequency effect in such way that measurements at very low
frequency are not necessary, neither long iterative methods nor
approximations on frequency.

2. PROPOSED METHODOLOGY

2.1. Extrinsic Elements
Extrinsic inductances (Ls, Lg, and Ld) and resistances (Rs, Rg, and
Rd) can be determined using cold bias measurements and Eqs.
(1)–(3). These equations represents a simplified transistor model
when the gate is forward biased (Vgs � Vbi) and Vds � 0 [1].
Extrinsic inductances are obtained from the imaginary part of Eqs.
(1)–(3). Additionally, assuming that channel resistance can be
neglected [11], extrinsic resistances are calculated from the real
part of Eqs. (1)–(3).

Z11
cb � Rs � Rg �

Rch

3
�

nkT

qIg
� j��Ls � Lg� (1)

Figure 1 Small-signal equivalent circuit model

DOI 10.1002/mop MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 50, No. 2, February 2008 453



Z12
cb � Z21

cb � Rs �
Rch

2
� j�Ls (2)

Z22
cb � Rs � Rd � Rch � j��Ls � Ld� (3)

where Zlm
cb , l,m � [1,2] are impedance parameters obtained from

cold-bias measurements, Rch is the channel resistance under the

gate, Rs, Rg, and Rd are the extrinsic resistances,
nkT

qIg
is the

differential resistance of the Schottky diode.
Different methods to determine the parasitic capacitances are

presented in [1, 7, 12-15]. In this work, Cpg and Cpd are determined
from Eqs. (4)–(6). These equations are obtained for a simplified
transistor model with a reverse biased gate (Vgs � Vp) and Vds �
0, where the intrinsic transistor can be modeled by three identical
capacitors, Cb [12].

lm�Y11
pb� � ��Cpg �

2

3
Cb� (4)

lm�Y12
pb� � lm�Y21

pb� � � �
Cb

3
(5)

lm�Y22
pb� � ��Cpd �

2

3
Cb� (6)

In Eqs. (4)–(6), Cb describe the depletion-layer distribution and
Ylm

pb, l,m � {1,2} are the admittance parameters obtained from
pinch-off bias measurements.

2.2. Extended Intrinsic Transistor Model
Once the extrinsic elements were determined, a suitable deembed-
ding process is applied to remove the parasitic pad elements [1].
According with Figure 1, the Y-matrix elements of the intrinsic
transistor are given as follow:

Y11
int � Ya � Yc (7)

Y12
int � � Ya (8)

Y21
int � � Ya � Gmoe

�j��� 1

1 � j�RiCgs
� (9)

Y22
int � Ya � Yb (10)

where Ya is the parallel circuit of Rfd with the series Rj and Cgd:

Ya �
Rj

Rj
2 � � 1

�Cgd
�2 �

1

Rfd
�

j� 1

�Cgd
�

Rj
2 � � 1

�Cgd
�2 (11)

Yb is the parallel circuit of Rds with Cds,

Yb �
1

Rds
� j�Cds (12)

and Yc the parallel circuit of Rfs with the series of Cgs and Ri,

Yc �
Ri

Ri
2 � � 1

�gs
�2 �

1

Rfs
�

j� 1

�Cgs
�

Ri
2 � � 1

�Cgs
�2 (13)

We have analyzed Eqs. (7)–(13) and have obtained a new set of
exact and simply equations presented in Eqs. (14)–(23), which can
be used to determine each one of the equivalent circuit elements.
This set of equations requires the Y-parameters of the measured
transistor with the extrinsic elements removed. The differential
resistances Rfs and Rfd are determined considering the frequency
effect from Eqs. (14) and (15).

Re��Y12
int� � RjCgd	�lm��Y12

int�
 �
1

Rfd
(14)

Re�Y11
int � Y12

int� � RiRgs	�lm�Y11
int � Y12

int�
 �
1

Rfs
(15)

The remaining elements of the intrinsic transistor can be deter-
mined with the following equations:

Rj �

Re��Y12
int �

1

Rfd
�

Re2��Y12
int �

1

Rfd
� � lm2� � Y12

int�

(16)

Cgd �

Re2��Y12
int �

1

Rfd
� � lm2� � Y12

int�

�lm� � Y12
int�

(17)

Ri �

Re�Y11
int � Y12

int �
1

Rfs
�

Re2�Y11
int � Y12

int �
1

Rfs
� � lm2�Y11

int � Y12
int�

(18)

Cgs �

Re2�Y11
int � Y12

int �
1

Rfs
� � Im2�Y11

int � Y12
int�

�Im�Y11
int � Y12

int�
(19)

gds � Re�Y22
int � Y12

int� (20)

Cds � Im�Y22
int � Y12

int�/� (21)

Gmo �
�Y21

int � Y12
int�

Im�Y11
int � Y12

int��Im2�Y11
int � Y12

int� � Re2�Y11
int � Y12

int �
1

Rfs
��1/ 2

(22)

� �
1

�
Tan�1 �

Im�Y21
int � Y12

int�Im�Y11
int � Y12

int�

� Re�Y11
int � Y12

int �
1

Rfs
�Re�Y21

int � Y12
int�

Re�Y11
int � Y12

int �
1

Rfs
�Im�Y21

int � Y12
int�

� Re�Y21
int � Y12

int�Im�Y11
int � Y12

int�

� (23)
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It is worthy to mention that the difference of the Eqs. (14)–(23)
proposed in this work, depends only of the Y-parameters of the
intrinsic circuit, whereas the Eqs. (17)–(24) given in [3] depends
on element values obtained previously, i.e., Rgd (Cgd), Ri (Cgs), gm
(Cgs and Ri), and � (Cgs, Ri, and gm).

3. SIMULATION AND EXPERIMENTAL RESULTS

The new proposed methodology to extract the intrinsic elements
can be verified first performing an analysis-synthesis process
using simulated Y-parameters, starting with a known intrinsic
transistor element. Furthermore, to validate the proposed global
extraction technique, we have applied it to two microwave FET
transistors, where the extracted models are compared with
measured data from 1 to 45 GHz.

3.1. Simulation Results
Taken known intrinsic transistor element values from Figure 3
given in Ref. 3, an analysis process to get the intrinsic Y-matrix is
performed from 2 to 20 GHz (avoiding measurements at very low
frequencies). After that, a synthesis process based on the proposed
Eqs. (14)–(23) is carried out as follows: Rfd and Rfs are obtained
from Figures 2 and 3 considering the ordinate at the origin of the
straight-line in the graph Re� � Y12

int� vs. �Im� � Y12
int� and

Re�Y11
int � Y12

int� vs. �Im�Y11
int � Y12

int�, respectively. As can be seen
from Figures 2 and 3, the Rfd and Rfs values agree with that of Ref.

3, without using measurements at very low frequencies. Besides,
extracted elements agree with the known elements given in [3],
showing that proposed Eqs. (14)–(23) are exact and consistent with
the model. The remaining elements of the model are computed in
a straightforward manner using Eqs. (16)–(23).

3.2. Experimental Results
We verify our method applying it to two different microwave FET
transistors. First, a transistor HJFET called FET 1, with a gate
length Lg � 0.2 �m and a gate width Wg � 200 �m was measured
and the parasitic pad effects were determined. Then we apply a
deembedding to remove their effects from measurement data.

According with Eqs. (14) and (15), in Figures 4 and 5 the
measurements follows the predicted linear behavior. Rfd and Rfs

are calculated from Figures 4 and 5 considering the ordinate to the
origin of the calculated straight lines, respectively, as the example
already shown in Section 3.1. As can be clearly observed in
Figures 4(a) and 5(a), the bias effect is weakly on the Rfd value,
however, it is strongly reflected on Rfs.

In Table 1, the extracted elements are listed for two represen-
tative bias points: (1) Vds � 2 V, Ids � 5 mA; and (2) Vds � 2 V,
Ids � 10 mA. Additionally, results for another measured transistor
type P-HEMT called FET 2, with Lg � 0.15 �m and Wg � 120 �m
are also included in Table 1. We can note that Rfd is always higher
than Rfs, and that both resistances increase also with bias current.
Generally, both resistances have high values, which are consistent
with the transistor circuit. When Rfs and Rfd take very high values,

Figure 2 Intrinsic transistor circuit considered in the analysis, including
procedure to compute Rfd

Figure 3 Synthesis results of the analyzed transistor including procedure
to determine Rfs

Figure 4 Experimental data and calculated straight line for determining
(a) Rfd and (b) Rfs for FET 1 at 2 V and 5 mA
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the conductance gfd (� 1/Rfd) and gfs (� 1/Rfs) [ordinate to origin
in Eqs. (14) and (15)] are extremely low tending to zero or less
than zero (negative).

Figures 6 and 7 depict a comparison of measured versus mod-

eled S-parameters from 1 to 45 GHz for the FET1 and for FET 2,
respectively, at the same bias point Vds � 2 volts and Ids � 5 mA.
Excellent agreement between measurement and modeled data is
obtained. In Figure 6, the worst-case magnitude relative error is
4% for S22 at frequencies lower than 4 GHz. The worst case for the
phase difference is 3° in the S22 at frequencies higher than 40 GHz,
however, at frequencies below 40 GHz the maximum phase dif-
ference is 1.5°. Similar errors were obtained for the S parameters
of the transistor shown in Figure 7.

Figure 5 Experimental data and calculated straight line for determining
(a) Rfd and (b) Rfs for FET 1 at 2 V and 10 mA

TABLE 1 Extracted Small-Signal Model Parameters

Element

FET 1 FET 2

2 V, 5 mA 2 V, 10 mA 2 V, 5 mA 2 V, 10 mA

Rfd (k�) 704.8087 788.1124 347.7425 498.1827
Rj (�) 5.7084 7.7436 0.6540 1.5681
Cgd (fF) 34.9878 32.8565 32.0610 30.6844
Rds (�) 273.3547 186.6378 234.8803 164.1503
Cds (fF) 47.9183 51.2623 42.7789 45.7435
Ri (�) 1.6417 1.2980 0.1069 0.2907
Rfs (k�) 122.7611 428.8732 98.1471 100.5423
Cgs (fF) 130.2206 156.5634 75.6474 86.9177
Gmo (ms) 49.0776 76.4761 47.2922 71.5280
T (ps) 0.6573 0.5294 0.2626 0.1866
Rg (�) 1.2119 1.2555
Rd (�) 3.7861 4.9433
Rs (�) 2.3534 3.8366
Cpg (fF) 6.2415 15.3643
Cpd (fF) 11.0866 12.2705
Lg (pH) 22.5237 22.7108
Ld (pH) 34.5886 29.9768
Ls (pH) 3.5248 8.8847

Figure 6 Measured (o,*) vs. modeled (�) S-parameters up to 45 GHz
for FET 1 at Vds � 2 V and Ids � 5 mA

Figure 7 Measured (o,*) vs. modeled (�) S-parameters up to 45 GHz
for FET 2 at Vds � 2 V and Ids � 5 mA
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Although resulting errors are very small, we have noted that
accuracy depends strongly on the extrinsic parasitic extraction
method used to obtain the extrinsic capacitances (Cpg and Cpd) and
resistances (Rg, Rs, and Rd).

4. CONCLUSION

We have presented a new methodology to determine the small
signal equivalent circuit for microwave FET transistors. We
have proposed a new set of simple equations to obtain the
intrinsic transistor elements of the extended transistor model.
These equations are based only on Y-parameters and on differ-
ential resistances Rfs and Rfd. The proposed methodology to
determine Rfs and Rfd includes the frequency effect in such way
that measurements at very low frequencies are not required. Our
method was implemented and the equivalent circuit elements
for different microwave transistors have been presented. The
validity of our method is certified by a direct comparison of
measured S-parameters vs. model results, showing a very good
agreement of a few percent up to 45 GHz.
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ABSTRACT: A 3–10 GHz broadband CMOS T/R Switch for ultra-
wideband (UWB) transceiver is proposed. This broadband CMOS trans-
mit/receive (T/R) Switch is fabricated based on the 0.18 �m 1P6M stan-
dard CMOS process. On-chip measurement of the CMOS T/R Switch is
performed. The insertion loss of the proposed CMOS T/R Switch is
about 3.1 � 1.3 dB. The return losses at both input and output termi-
nals are higher than 14 dB. It is also characterized with 25–34 dB iso-
lation and 18–20 dBm input P1dB. The broadband CMOS T/R Switch
shows highly linear phase and group delay of 20 � 10 ps from 10
MHz to 15 GHz. It can be easily integrated with other CMOS RFICs
to form on-chip transceivers for various UWB applications. © 2007
Wiley Periodicals, Inc. Microwave Opt Technol Lett 50: 457– 460,
2008; Published online in Wiley InterScience (www.interscience.wiley.
com). DOI 10.1002/mop.23129

Key words: CMOS; transmit/receive (T/R) switch; ultra-wideband
(UWB); lowpass filter

1. INTRODUCTION

Recently, GaAs technology has been extensively implemented
in many RF/microwave switch modules. To consider the cost
down and system integration, it is desirable to use standard
CMOS process for implementation of high-performance wide
band T/R switch. Several T/R switches using CMOS technology
have been developed [1–7]. But they are all operated in narrow
band. In general, CMOS RF switches are usually operated less
than 3 GHz. For UWB radio frequency or higher frequency
applications, most switches made by Pin Diode and GaAs are
demonstrated.

An UWB 3–10 GHz CMOS RF SDPT Switch based on
CMOS 0.18 �m process is proposed in this letter. The concepts
of distributed circuit and ladder type low-pass filter are adopted
to design the CMOS T/R switch. The proposed CMOS T/R
switch has about 3 dB insertion loss and 28 dB isolation from
3 to10 GHz. The input and output return losses are better than
14 dB. It also has highly linear phase and group delay. Com-
pared with the GaAs switches, the CMOS switches not only
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