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Abstract: In order to quantitatively compare the design cost and performance of various gate styles, NMOS tran-
sistors with two-edged, annular and ring gate layouts were designed and fabricated by a commercial 0.35�mCMOS
process. By comparing the minimum W /L ratios and transistor areas, it was found that either the annular layout
or its ring counterpart incurs a higher area penalty that depends on the W /L ratio of the transistor to be designed.
Furthermore, by comparing the output and transfer characteristics of the transistors and analyzing the popular
existing methods for extracting the effective W /L ratio, it was shown that the mid-line approximation for annular
NMOS could incur an error of more than 10%. It was also demonstrated that the foundry-provided extraction tool
needs significant adaptation when being applied to the enclosed-gate transistors, since it is targeted only toward
the two-edged transistor. A simple approach for rough extraction of the W /L ratio for the ring-gate NMOS was
presented and its effectiveness was confirmed by the experimental results with an error up to 8%.
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1. Introduction

Complementary metal–oxide–semiconductor (CMOS) in-
tegrated circuits (ICs) are widely used in radiation-harsh en-
vironments, such as space, high-energy physics and nuclear
applications. In such environments, ionizing radiation may
generate holes trapped in the oxide, and the trapped holes may
induce a leakage-current path from the drain to the source. In
advanced CMOS technologies with thin gate oxides, the leak-
age paths beneath the bird’s beak or the shallow trench cor-
ner become the major contributor to the total ionizing dose
(TID) effect of NMOSŒ1�4�. A common approach to elimi-
nate the leakage path is to adopt a gate-enclosed layoutŒ5�8�.
Nevertheless, by transforming a two-edged-gate layout into
an enclosed-gate one, the performance of the circuit, such as
power and speed, may be adversely affected due to parametric
changes in effective and minimum W /L ratios, layout area, in-
put capacitance, etc. Furthermore, the aforementioned changes
in circuit performance also vary with process technologies and
enclosed-gate stylesŒ9�11�. Thus, in order to ensure the per-
formance equivalency when replacing the two-edged gate by
enclosed gate for radiation hardening, it is crucial to quantita-
tively characterize the performance of the NMOS with various
gate styles and manufacturers.

In this work, gate-enclosed layout NMOS in annular and
ring gate styles of various gate oxide thicknesses were designed
and fabricated by a commercial 0.35 �m CMOS process. For
the first time to our knowledge, we systematically character-
ized the transistors’ minimumW /L ratios, transistor areas, and
output and transfer characteristics. And our experimental re-
sults could provide guidelines for TID-hardening layout de-
sign. The commonly used approaches for extracting the effec-
tive W /L ratios of different layout styles were also quantita-

tively compared and selection suggestions were made in differ-
ent design scenarios. A simple approach for rough extraction
of the W /L ratio for the ring-gate NMOS was presented and
its effectiveness was confirmed by the experimental results.

2. Experiment

2.1. Test structures

Two-edged (standard single-stripe poly), annular and ring
NMOS transistors (Fig. 1) were designed and fabricated by a
commercial 0.35�mCMOS process. The gate oxide thickness
(Tox/ of each transistor was either 11 nm or 26 nm. For ease of
description, the transistors with Tox D 11 nm are referred to as
“NMOS-11” in this paper, while the others are “NMOS-26”.

Fig. 1. Layout of NMOS transistors with (a) the regular gate and (b),
(c) the radiation-hardened enclosed gates.
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Table 1. Comparison of key geometric parameters of N-channel transistors in different gate styles.

Parameter
NMOS-11 (L D 0.5 �m) NMOS-26 (L D 2.1 �m)

Two-edged Ring Annular Two-edged Ring Annular
Minimum W /L (�m/�m) 1.0/0.5 1.25/0.5 6.0/0.5 4.2/2.1 4.2/2.1 12.4/2.1
Minimum area (�m2/ 4.8 8.7 18.2 20.7 52.1 60.9
Area for W /L D 6 �m/0.5 �m (�m2/ 16.3 20.3 18.2 — — —
Area for W /L D 12.4 �m/2.1 �m (�m2/ — — — 52.7 102.9 60.9

The W /L ratios of the NMOS-11 and NMOS-26 transistors
were approximately 6.4 �m/0.5 �m and 40 �m/2.1 �m, re-
spectively. All of the enclosed-gate transistors were designed
with the drain enclosed by the gate.

2.2. Approach for estimating minimum W /L ratio and
area penalty

The minimumW /L ratio and area penalty of the enclosed-
gate transistors were estimated using Virtuoso Layout Editing
from Cadence, with the minimum feature size determined by
the design rules of the given technology. In an enclosed-gate
transistor, the gate makes turns at the corners, where the gate
length (L) changes slightly due to the existence of the “corner
device”Œ12�. Thus,L is not a constant for the transistor. In order
to simplify the computation of theW /L ratio, we approximated
L as the minimum distance from source to drain. To compute
W , the mid-line approximation was adopted for the annular
transistor, while for the ring transistor, W was approximated as
(W1 C W2//2, with W1 and W2 being shown in Fig. 1(c).

2.3. Experimental setup for measuring the output and
transfer characteristics and effective W /L extraction

In order to extract the effective W /L ratios of the gate-
enclosed NMOS transistors, the ID of the two-edged and gate-
enclosed transistors was compared. The ID of the two-edged
transistor with given W and L in layout design was used as
a reference ID. The difference between the ID of the gate-
enclosed NMOS and the reference ID was the error of the
extraction method. Five sample unbonded chips were tested
through a probe tester, and each chip consisted of all of the test
structures in Fig. 1. For each transistor on a chip, the ID was
measured as a function of VG and VD with an Agilent 4155B
semiconductor parameter analyzer. In these tests, VG and VD
ranged from 0 to 5 V, and the substrate and source of each
transistor were connected to ground.

3. Results and discussion

3.1. Minimum W /L ratio and area penalty

Table 1 lists the minimum W /L ratios as L is minimum,
minimum transistor areas and effective transistor areas for
given W /L ratios of the tested NMOS transistors in various
gate styles. The minimum W /L ratios of the gate-enclosed
NMOS transistors are constrained by certain layout design
rules, such as the uniform contact size and the minimum space
between the active area and the poly gate. As shown in Table 1,
the difference between the minimumW /L ratios of the annular
NMOS and the two-edged NMOS increases from 3x to 6x asL

decreases from 2.1 to 0.5�m. This result is consistent with that

reported in Ref. [11], where for L D 0.13 �m the difference is
about 8x. The minimum W /L ratio for the annular NMOS can
be smaller if L is drawn with a larger size, but larger L will
lead to a larger transistor area. Thus, a higher area penalty has
to be paid when applying the annular gate layout to improve
TID-tolerance for more advanced technologies. It can be also
seen from Table 1 that the minimum W /L ratios of the ring-
gate transistors are nearly the same as those of the two-edged
ones.

When estimating the area penalty for the enclosed-gate
layout in a CMOS gate, we need to consider the sizes of both
the NMOS and the PMOS. Whether the ring gate or the an-
nular gate is a better solution for TID-tolerant design in terms
of area penalty depends on the size of the transistor to be de-
signed. When the width of the NMOS to be designed is close
to its minimum size, the area penalty of the annular gate layout
is larger than that of the ring gate layout due to its larger min-
imum W /L ratio, which also leads to larger PMOS size in or-
der to keep the relative W /L ratios between the PMOS and the
NMOS unchanged. The area penalty of the ring-gate NMOS
transistors (about 2x that of the two-edged) naturally exists
because the poly gate must overlap the field oxide (FOX),
but the PMOS size does not have to be increased. When the
width of the NMOS to be designed is as large as the minimum
width of the annular layout, the size of an annular transistor is
closer to its two-edged counterpart while the area penalty of the
ring-gate transistor becomes non-negligible and depends on the
overlapping distance between the gate and the field oxide. As a
consequence, the ring transistor is superior when W /L of the
transistor to be designed is close to the minimum W /L of the
two-edged transistor, while the annular transistor is a better so-
lution when the W /L of the transistor to be designed is larger
than the minimum W /L of the annular transistor.

3.2. Output characteristic, transfer characteristic and ef-
fective W /L extraction

3.2.1. Characteristics and effective W /L extraction of an-
nular transistors

The output characteristics and transfer characteristics of
the annular and two-edged transistors are shown in Figs. 2 and
3. The W /L of the annular transistors were calculated by mid-
line approximation, which is a commonly usedW /L extraction
method for annular transistors. It can be seen that the effective
W /L ratio of an annular transistor is smaller than approximated
by the mid-line approximation for both NMOS-26 and NMOS-
11. This is consistent with the test results based on 2.5 �m,
0.5 �m and 0.25 �m CMOS processesŒ9; 13�. This implies that
if the transistor is drawn with the mid-line approximation, the
drain current ID will be smaller than what is expected, and the
difference is not negligible. For example, the ID difference is
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Fig. 2. Measured ID versus VD for annular transistors.

as large as 10.3% at the point of VG D 5 V and VD D 5 V for an
NMOS-26 N26A2. As a matter of fact, the higher the voltage
bias, the more evident the difference is. This can be explained
by

IDsat D
�nCox

2

W

L
.VGS � VT0/

2: (1)

Hence,

�IDsat D
�nCox

2
�

�
W

L

�
.VGS � VT0/

2: (2)

Commonly, the commercial foundries do not employ a
special extraction method for gate-enclosed transistors and
their extractionmethodsmay vary from one foundry to another.
One popular extraction approach is

W D
lGD C lGS

2
; (3)

L D
Sg

W
; (4)

where lGD is the length of the borderline between the gate and
the drain, lGS is the length of the borderline between the gate
and the source, and Sg is the poly gate area, which is above the

Fig. 3. The measured ID versus VG for annular transistors.

active area (gate oxide region). By adopting the notations in
Fig. 4, lGD, lGS, Sg can be calculated as

lGD D 2a1 C 2a2; (5)

lGS D 2a1 C 2a2 C 7b C 2x; (6)

Sg D

8X
iD1

Si : (7)

It can be seen from Eqs. (3)–(7) that W /L is related to the
distance x, but x has little effect in determining the effective
W /L, since the foundry-provided tool for extracting effective
W /L is targeted toward the two-edged transistor rather than the
gate-enclosed transistor.

Another W /L extraction approachŒ14� states that the poly
gate should be divided into certain special rectangles and other
sections. What is special about the rectangles is that one side
of a rectangle is adjacent to the source and its opposite side is
adjacent to the drain (S1, S2, S3 and S4 in Fig. 4). We denote
these two sides as W -sides, the other two sides as L-sides, and
the special rectangles as regular rectangles (RRs). For the RRs,
the effective W /L ratio is calculated as the ratio of the length
of the W -side to the length of the L-side. For example, it is
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Fig. 4. Schematic layout of an annular transistor.

Table 2. Effective W /L ratios of annular style test devices estimated
from various extraction methods.
Test
structures

Mid-line
approximation

Foundry-
provided
tool

Calculation
method
in Ref. [14]

N26A1 22.8 21.2 (x D b/2) 19.7 (Cab D 2)
N26A2 19.0 18.5 (x D b/2) 17.9 (Cab D 2)
N11A 12.5 11.5 (x D b/2) 10.5 (Cab D 2)

a2/b for S4 in Fig. 4. The effective W /L ratio of the annular
device is the sum of the W /L ratios of the RRs and a constant
Cab, which is an empirical value between 1 and 2. Thus, the
effective W /L ratio can be expressed as�

W

L

�
eff

D
X �

W

L

�
RR

C Cab: (8)

In Fig. 4, it is�
W

L

�
eff

D
2a1 C 2a2

b
C Cab: (9)

The W /L ratios of our annular test devices derived from
the aforementioned three methods are listed in Table 2. The
result of the calculation method in Ref. [14] is closer to the
effective W /L.

By comparing the mid-line approximation and the calcu-
lation method in Ref. [14], it shows that the only difference
between the two methods occurs when evaluating the W /L of
the corner devices at the four corners of the annular transis-
tor. Indeed, the mid-line approximation can also be expressed
by Eq. (9) with Cab D 4, while for the calculation method in
Ref. [14], Cab is approximately 2. This implies that if Cab is
4, the W /L of the four corner devices will be overestimated;
while if Cab is 2, the model can better fit the test results. With
the down-scaling of the semiconductor devices, it can be pro-
jected that this trend is also applicable to smaller annular tran-
sistors.

3.2.2. Characteristics and effective W /L extraction of ring
transistors

The output and transfer characteristics of inner-drain ring
transistors are shown in Figs. 5 and 6, where it can be seen

Fig. 5. Measured ID versus VD for ring transistors.

that there are significant differences between the ring tran-
sistors and the other two types of transistors: annular and
two-edged. In the saturation region, the ring transistor’s drain
current is larger than those of its annular and two-edged coun-
terparts, while it is smaller in the linear region. This implies
that there is not an effective W /L ratio for this device that can
consistently match the two-edged device in both the linear and
saturation regions. The ring style gate layout leads to higher
saturation current, a unique feature of the ring transistor with
the drain in the ring gateŒ11�, due to its long borderline between
the gate and drain, which results in significant channel length
modulation.

For the aforementioned reason, the extraction of the effec-
tive W /L ratio for the ring transistor is more complicated than
that for the annular transistor. The effective W /L of the ring
transistor is larger than the W1/L, due to the existence of the
two corner devices. By applying the (W1+W2//2 approxima-
tion, it can be seen that ID is larger than its approximated value
in the saturation region, and the difference is 5.6% at the point
of VG D 5 V and VD D 5 V for the NMOS-11 N11R1 and 7.7%
for the NMOS-26 N26R.

In Ref. [12], another simple evaluation method was pro-
posed. When applied to the device in Fig. 7, the method esti-
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Fig. 6. Measured ID versus VG for ring transistors.

mates the effective W /L as follows,�
W

L

�
eff

D
W1

L1

C 2
W3

L3

; (10)

where W3/L3 is a rough approximation of the W /L of the cor-
ner device. There are two corner devices in each ring style tran-
sistor, leading to 2x in Eq. (10).

The foundry-provided extraction approach can also be ex-
pressed as Eqs. (3) and (4). The W /L ratios of the ring style
test devices calculated from the aforementioned methods are
listed in Table 3. Among these three methods, none can obtain
an effectiveW /L ratio for a test device that is consistent in both
the linear and saturation regions. In the saturation region, the
(W1CW2//2 approximation underestimates the actual effective
W /L ratio. The accuracy of a particular method can be different
from NMOS-11 to NMOS-26. Thus, accurately estimating the
W /L ratios of ring style transistors needs more tests with more
sizes, drawn gates, excess distances overlapping the FOX and
more manufacturers. From the test results of this experiment，
it appears that the (W1 C W2//2 approximation possesses ac-
ceptable accuracy for rough estimation of the effective W /L
for the ring transistor.

Fig. 7. Schematic layout of a ring style transistor.

Table 3. EffectiveW /L ratios of ring style test devices estimated from
various extraction methods.

Test
structure

(W1 C W2//2
approximation

Foundry-
provided
tool

Calculation
method
in Ref. [12]

N26R 19.0 19.0 19.9
N11R1 11.8 12.1 11.5
N11R2 12.8 13.2 12.5

4. Conclusions

Enclosed-gate NMOS transistors with gates in annular and
ring styles were designed and manufactured by a commercial
0.35 �m CMOS process. The key geometric parameters of
these transistors, including the minimum W /L ratios and the
transistor areas, were quantitatively compared with each other
to provide guidelines for TID-tolerant design. It was shown that
in terms of area penalty, the ring transistor is superior when the
W /L ratio of the transistor to be designed is close to the mini-
mum W /L of the two-edged transistor, while the annular tran-
sistor is a better solution when the W /L ratio of the transistor
to be designed is larger than the minimum W /L of the annular
transistor.

The output and transfer characteristics of the enclosed-
gate transistors were measured and compared with their two-
edged counterparts to extract the effective W /L ratios. Three
popular methods were applied in the extraction and it was
shown that while for the annular transistors there existed one
method providing results with acceptable accuracy, none of
the three methods was accurate enough for the ring transistors.
The (W1 C W2//2 approximation for the ring transistors was
presented as a simple approach for rough estimation of the ef-
fective W /L. Moreover, the foundry-provided tool for extract-
ing the effective W /L is targeted toward the two-edged tran-
sistor and needs significant adaptation when applying to the
enclosed-gate transistors.
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