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A Simple Test Structure for Directly Extracting
Substrate Network Components in Deep

n-Well RF-CMOS Modeling
Jun Liu, Lingling Sun, Senior Member, IEEE, Liheng Lou, Huang Wang, and Charles McCorkell

Abstract—A simple test structure is proposed for accurately
extracting the substrate network parameters of a radio-frequency
MOSFET with deep n-well implantation from two-port measure-
ments. The test structure with the source, drain, and gate ter-
minals all connected together is used as port one, while the bulk
terminal as port two, making the substrate network distinctly ac-
cessible in measurements. A methodology is developed to directly
extract the parameters for the substrate network from the mea-
sured data. The method is further verified by the excellent match
between the measured and simulated output admittances on the
extracted parameters for a 16-finger nMOSFET of common-
source configuration operated in different bias conditions.

Index Terms—Deep n-well (DNW), parameter extraction,
radio-frequency (RF) MOSFET, substrate network.

I. INTRODUCTION

A LTHOUGH many advantages of deep n-well (DNW) im-
plantation in CMOS mixed-signal/radio-frequency (RF)

circuit designs have been validated [1]–[3], a reasonable
methodology for accurately extracting the substrate network
parameters of DNW RF MOSFETs has not been reported. The
substrate network in CMOS is of utmost importance in pre-
dicting the device output characteristics at RFs. Different from
an RF MOSFET without DNW implantation, DNW actually
partitions the substrate of a DNW RF MOSFET into three parts:
the DNW itself, p-well in the DNW, and the original substrate
where the DNW is formed. Since the coupling between DNW
and p-well, as well as between DNW and the original sub-
strate, exists no matter what the electrical configuration is, con-
ventional substrate networks and the corresponding extraction
methods become too simple to accurately extract the substrate
network parameters of DNW RF MOSFETs.

Most test structures used in measuring the substrate charac-
teristics of RF MOSFETs have a two-port configuration with

Manuscript received July 18, 2009; revised August 14, 2009. First published
October 6, 2009; current version published October 23, 2009. This work
was supported in part by the National Science Foundation of China under
Grant 60706002 and in part by the Scientific and Technologic Cooperation
Foundation of Yangtze River Delta Area of China under Grants 08515810103
and 2008C16017. The review of this letter was arranged by Editor T. Wang.

J. Liu, L. Sun, L. Lou, and H. Wang are with the Key Laboratory for RF
Circuits and Systems of the Ministry of Education, Hangzhou Dianzi Univer-
sity, Hangzhou 310037, China (e-mail: ljun77@163.com; sunll@hdu.edu.cn;
lynn_lo@163.com; hwangcool@hotmail.com).

C. McCorkell is with the School of Electronic Engineering, Dublin City
University, Dublin 9, Ireland (e-mail: charles.mccorkell@dcu.ie).

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LED.2009.2031306

Fig. 1. Simplified layout plane figure of the proposed test structure for DNW
nMOSFETs. The thickness of the DNW is approximately 0.8 µm. The conduct
voltage of junction diodes (Vjth) is about 0.37 V.

the gate terminal served as port one, the drain terminal defining
port two, and the source shorted to the p-substrate serving as the
common terminal [4]–[7]. This configuration fails to capture
the interaction between the source and bulk terminals and those
between the source and the drain terminals through the bulk.
Different test structures have been proposed for characterizing
the distributed substrate network [8]–[11], and some have to
employ three-port [9] or four-port measurement [11]. A com-
mon gate arrangement can help access the substrate from both
the source and the drain side [8], whereas the gate network
is also included during measurement via the gate–source and
gate–drain admittances. Employing the on-probe capacitance of
a ground–power–ground (GPG) probe to ac short, the extrinsic
gate and bulk [10] are free of the problem in [8]. However, this
approach is valid only at low frequencies, as the GPG probe
provides a nonideal short at higher frequencies. Furthermore,
all the test structures and measurement setups in [4]–[11]
are developed for modeling RF MOSFETs without DNW
implantation.

In this letter, a simple test structure is proposed to specifically
target the characterization of DNW RF MOSFETs. For the first
time, a novel substrate network is developed, considering DNW
and the effects due to the capacitive coupling of the p-well and
the nature substrate. A direct extraction scheme for network
parameters is provided.

II. TEST STRUCTURE, EQUIVALENT CIRCUIT, AND

PARAMETER EXTRACTION OF SUBSTRATE NETWORK

The proposed test structure, with the source (S), drain
(D), and gate (G) terminals connected together as shown in
Fig. 1, makes the substrate network distinctly accessible in mea-
surements. This enables the direct extraction of the substrate
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Fig. 2. Equivalent circuits of the proposed test structure. Source, drain, and
gate resistances are ignored because the impedance of the series resistances
is negligible compared with those of junction capacitance and p-well and
p-substrate resistances. Since the topology from S to B is same as that from D
to B, the (left) complete equivalent circuit can be reduced to (right) a T-network
by using (low right) a simple approach and enables the direct extraction of the
substrate network from the Z-parameters.

characteristics as it becomes clear in the equivalent circuit
analysis, which follows later in this section. For this purpose,
a set of DNW n-MOSFETs with different numbers of fingers
[the Nf of each device is 1, 2, 4, 8, 16, 32, and 64; the length
(Lf ) and width (Wf ) for each finger are fixed at 0.18 and 5 μm,
respectively] was fabricated using SMIC 0.18-μm 1P6M
RF-CMOS process. M1 is used to connect S/D/G terminals
together and defined as port one, while the body (B) is defined
as port two for the two-port RF measurement.

Based on the substrate network shown in Fig. 4, the complete
equivalent circuit of the test structure can be drawn as shown at
the left of Fig. 2 and be reduced to a T-network with S/G/D
and B as the RF terminals. Cjs and Cjd are the junction
capacitances and resistances of S/D regions with the embedded
p-well (within DNW). Csb, Cgb, and Cdb indicate the extrinsic
S-to-B, D-to-B, and G-to-B capacitances. Rjs, Rws1, Rws2

and Rjd, Rwd1, Rwd2 are resistances of p-well under S and D
regions, respectively. Cdnw represents the capacitance caused
by DNW. Rsubl and Rsubr are the p-substrate resistances. Four
special elements Cws, Cwd, Csubl, and Csubr are introduced to
capture the capacitive coupling effect in p-well and p-substrate.
The T-network shown in Fig. 2 is analyzed in terms of
Z-parameters with the ground terminal as reference, and the
Z-parameters can be calculated approximately with the
following:
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Fig. 3. Extracted substrate resistances and capacitances of the 16-finger DNW
nMOSFET at different VB’s, when VSGD = 0 V.

Furthermore, the real and imaginary parts of the aforemen-
tioned Z-parameter expressions can be rearranged as follows:
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Using (4) and (6), Rj and Cw can be extracted from
the slopes of the linear regression of the experimental
ω2/Re{[Z11 − Z12]−1} versus ω2 and −ω/Im[Z22 − Z12]
versus ω2, respectively. After subtracting Rj and Cw, (4) and
(6) give Cj and Rw1. Furthermore, (5) and (7) give Csgdb

and Rw2. Using (8), Rsub and Csub can be determined from
the intercept and the linear regression of the experimental
1/Re[Z12] versus ω2, and the slope gives Csub after subtracting
Rsub. After subtracting Rsub and Csub, (9) gives Cdnw. Thus,
all elements of the simplified equivalent circuit of Fig. 2 are
extracted.

III. COMPARISON OF THE MEASURED

AND SIMULATED RESULTS

Two-port S-parameters were measured and de-embedded
(open + short) for parasitics introduced by GSG PAD using
an Agilent E8363B network analyzer and a CASCADE Summit
probe station. Then, the de-embedded S-parameters were trans-
formed to Z-parameters for the substrate network parameter
extraction.

The substrate parameters extracted from the 16-finger DNW
nMOSFET test structure at various bulk biases (VB) are shown
in Fig. 3. When the junctions become significant, the equivalent
circuits in Figs. 2 and 4 and their corresponding parameter
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Fig. 4. Macromodel for DNW RF-MOSFET modeling when S/D junctions
are not significant. All the parameters of the PSP102.3, including the terminal
resistances Rd, Rg , and Rs, are beforehand extracted. The equations shown at
the right side are used to calculate S-to-B and D-to-B components from the
total extracted components, where Ns and Nd are the numbers of source and
drain diffusion regions, respectively. When Nf is odd, Ns = Nd = (Nf +
1)/2, while Ns = Nf /2 + 1 and Nd = Nf /2 if Nf is even.

TABLE I
VALUES OF THE PARAMETERS EXTRACTED FROM SEVEN DEVICES WITH

DIFFERENT Nf ’S, AT VB = −1 V AND VSGD = 0 V.
(Lf = 0.18 µm; Wf = 5 µm)

values are less reasonable. Therefore, it is recommended that
the Cj , Rj , Cw, Rw1, Rw2, Csub, and Rsub be extracted at
smaller than Vjth. The extraction of the substrate network pa-
rameters at VB < (Vjth − 0.3 V) and VSGD = 0 V gives a quite
proper value. The parameter values extracted from the seven
devices with different Nf ’s at VB = −1 V and VSGD = 0 V
are listed in Table I. To verify the validity of the proposed sub-
strate network model and the extracted values, a macromodel
(as shown in Fig. 4) for common-source-connected DNW RF
MOSFET modeling was developed. The model that consists
of PSP102.3 model core with the proposed new substrate
network is simulated based on the extracted parameters in
Agilent advanced design system directly. Fig. 5 shows an ex-
cellent agreement between the measured and simulated output
admittances of the 16-finger DNW RF MOSFET at different
operating regions, which verified that the model also holds for
Nf ranging from 1 to 64. The Cds in Fig. 4 is calculated from
the de-embedded Y -parameters of the 16-finger nMOSFET as
follows:

Cds ≈ Im(Y22 − Y12)
ω

− Cjd(Cjs + Ct)
Cjd + Cjs + Ct

(10)

where Ct = Cwd + Cws + CdnwCsub/(Cdnw + Csub).

Fig. 5. Measured and simulated output admittances of the 16-finger DNW
nMOSFET connected in a common-source configuration in different bias
conditions.

IV. CONCLUSION

A simple test structure and a novel compact model have
been presented for predicting the characteristics of the substrate
network of DNW RF MOSFET. An analytical extraction algo-
rithm has been presented for the substrate network parameters.
The accuracy of the proposed method is validated through the
excellent agreement observed up to 40 GHz between the sim-
ulated and measured output admittances of a 16-finger DNW
RF MOSFET, connected in a common source and operated in
different bias conditions.
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