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Abstract 

 
We discuss design flow and modeling issues that arise 

in analog radiation-hard by design (ARHBD) when using 
annular MOSFETs. We have determined experimentally 
that the common “mid-line” approximation for the effec-
tive W/L is rather poor for the long channel devices often 
used in analog circuits; furthermore, we have verified 
that the annular devices exhibit a marked asymmetry in 
the drain characteristics (mostly gd) between the inner 
and outer drains. We discuss modeling of gdm and gd as 
well as gate capacitance and W/L, and conclude with a 
suggested new design flow for ARHBD.  

 
 

Introduction 
 
Rad-hard by design (RHBD) is a strategy for designing 

CMOS integrated circuits for tolerance to the ionizing 
radiation environments encountered in spaceflight. Radia-
tion tolerance is achieved by circuit and layout techniques 
instead of employing special rad-hard CMOS fabrication 
processes.  Most commercial manufactures of integrated 
circuits are reluctant to invest in the development of 
radiation tolerant integrated circuits, because the market 
for such devices is very small. Although many 
commercially available circuits are sufficiently radiation 
tolerant for specific applications, it is often necessary to 
add radiation shielding and protection circuitry to guard 
against single event latch-up. RHBD enables designers to 
improve performance, lower cost, and reduce risk by sys-
tematically designing application specific integrated cir-
cuits that are radiation tolerant by design instead of seren-
dipity. By using a commercial CMOS processes rapid, 
low cost prototyping, and the small volume production 
required for space applications can be done via the MO-



accumulated total dose.  Therefore, it is only necessary to 
employ enclosed n-channel MOS devices in ARHBD.  
The exclusive use of annular n-channel MOS transistors is 
a design constraint with a variety of repercussions; how-
ever, in this paper we focus the discussion on the difficul-
ties encountered modeling these devices with SPICE in 
the design flow. 

 
Annular Transistor Properties 
 

A fundamental part of integrated circuit design in-
cludes SPICE simulations of the extracted layout.  Most 
layout tools, such as magic and L-edit, correctly extract 
the correct area and perimeter of the source and drain of 
an annular transistor, but have difficulty with the width, 
W, and length, L, of the gate. This is not surprising, since 
the correct aspect ratio W/L of an annular transistor is 
somewhat tricky to determine analytically.  

Most treatments approximate L as the minimum dis-
tance from source to drain shown in Figure 3. An ap-
proximation for the W/L of an annular device for a 0.25-
micron process was derived in [6] that fit experimental 
results.  This approximation turned out to be fairly close 
to the common and somewhat intuitive “mid-line” ap-
proximation for W shown in Figure 3.  

The mid-line approximation is attractive intuitively 
since it averages the inner and outer perimeters to arrive 
at W. Another nice feature is that the gate area corre-
sponding to the mid-line W/L is the drawn area, neglect-
ing the “neck” used to connect the gate to the metal inter-
connect. Moreover, the mid-line approximation turned out 
to be fairly close to the more analytical W/L derived in 
[2]. 

For these reasons, we have to date adopted the mid-
line approximation for our extracted simulation flow. Our 
practice to date has been to design our circuits and size 
devices analytically, draw the layout, extract a netlist with 
parasitics, and finally correct the extracted W/L of the 
transistors with the mid-line approximation prior to 
SPICE simulation.  

For modest performance circuitry this has worked out 
pretty well; however, we recently have noticed some sig-
nificant deviations between measured performance and 
SPICE predictions that cannot be attributed to process 
variations. This prompted us to investigate how well the 
mid-line approximation really worked for the 0.5 micron 
process that we use most often. 

We fabricated a test chip with conventional transistors 
and corresponding annular transistors with a mid-line 
W/L comparable to the conventional devices.  We in-
cluded both “analog” transistors with a long 2.4 micron 
drawn gate, and “digital” transistors with a minimum an-
nular size and a 0.6-micron drawn gate. We measured 
drain and gate characteristic data for both sets of devices. 
Since it is well known that annular devices are not sym-
metric [6], we measured characteristic curves for both the 

“inner” drain, and the “outer” drain. As a sanity check we 
also verified that the conventional devices behaved sym-
metrically.  Figure 4 presents the drain characteristic data 
from four test chips for conventional device geometry 
NFETD, and Figure 5 presents the gate characteristics. 
The devices from the 4 test chips match pretty well, and 
the conventional devices are symmetric with respect to 
drain and source as expected. 

  

Figure 1. NFETD : A conventional n-channel 
MOSFET geometry example. One of the parasitic 
transistors formed over the bird beak region is 
shown in orange. 

 

 

Figure 2. NFETA: and example of an annular n-
channel transistor. 

 

 

Figure 3. W and L “mid-line” approximation of an 
annular n-channel MOSFET. 
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Figure 4. Conventional NFETD drain characteristic at a selected bias point.
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Figure 5. Conventional NFETD gate characteristic at a selected bias point.

 



We then simulated the drain and gate characteristics 
of the devices with the extracted BSIM3v3 model pro-
vided by MOSIS for that run (T06F). The conventional 
devices matched the simulation quite well if we took the 
width, W, as the drawn width and the length, L, as the 
drawn length less 0.1 micron. The simulated characteris-
tics are also shown with the actual data in Figures 4 and 
5. Curve fits established that we could use the simulation 
to predict the bias current, transconductance, gm, and 
Early voltage with an accuracy of a few percent, as 
shown in Table 1. This established that the extracted 
BSIM3v3 model for the T06F test chip run modeled the 
real, conventionally drawn devices with an accuracy of a 
few percent, and provides a baseline of comparison for 
simulating the annular devices. 

 

Table 1. Device simulation accuracy. 

 % error in simulation 
Case IBias [A] gm[A/V] VEarly[V] 

Conventional 
(W/L = 2.7/1.7) 

-3.7 -1.5 +2.7 

Annular(Inner Drain) 
(mid-line W/L = 16.8/2.4) 

+33.3 +33.2 +31.3 

Annular/(Outer Drain) 
(mid-line W/L = 16.8/2.4) 

+44.2 +39.4 -46.1 

Annular(Inner Drain) 
(W/L = 12.9/2.4) 

-.8 0.2 +33.2 

Annular(Outer Drain) 
(W/L = 12.0/2.4) 

+0.4 -1.8 -45.9 

 
Measured drain characteristics for the annular geome-

try NFETA are presented in Figure 6 for both inner and 
outer drain cases from 4 test chips, and corresponding 
gate characteristics are shown in Figure 7.  The asym-
metric nature of annular devices is clearly displayed, 
especially in the drain curves. The inner drain has much 
higher drain conductance than the conventional device, 
and the outer drain has much lower drain conductance 
than the conventional device.  

Also, shown in Figure 6 is the mid-line approxima-
tion (W/L = 16.8 m/2.4 m), and best fit SPICE curves 
(inner W/L = 12.9 m/2.4 m and outer W/L = 
12.0 m/2.4 m). The mid-line approximation predicts 33 
to 44 percent larger drain currents than what are meas-
ured. It is interesting, and perhaps alarming, to note that 
the best fit W/L of an inner drain device is different from 
the outer drain device. This implies that the W/L of an-
nular MOSFETs depends on which terminal is biased as 
the drain. As expected the best fit W/L values are about 
30 to 40 percent smaller than the mid-line approxima-
tion, but still much larger than approximating W as the 
inner perimeter (7.2 m). The best-fit W/L was also de-
termined for p-channel devices with identical geometry 
to NFETA. The best-fit inner and outer W/L were iden-

tical to the n-channel case. From this we conclude that 
the W/L is a purely geometric parameter, which has in-
tuitive appeal. 

In reference [6] an analytical expression was derived 
for the effective W/L of annular MOSFETs. Taking the 
fit parameter,  , as 0.05 as suggested in the reference, 
we calculated an effective W/L of 12.1/2.4 (only the 
inner drain is treated in the reference), which agrees with 
our data to within 7 percent.  

In Figure 7 the best-fit SPICE curves are also in-
cluded with the measured gate characteristics. Table 1 
summarizes the SPICE predictions of bias current, trans-
conductance, and Early voltage. The best-fit W/L SPICE 
predictions of bias current and gm agree within 2 percent, 
whereas the mid-line predictions differ by 33 to 44 per-
cent.  However, the best-fit W/L was no better than the 
mid-line approximation in estimating Early voltage. This 
shows that the MOSIS BSIM3v3 model over-estimates 
the outer drain conductance by about 46 percent, and 
under-estimates the inner drain conductance by about 33 
percent. 

It is pertinent to compare these SPICE prediction er-
rors with errors due to process variations. To quantify 
this, we simulated conventional device geometry, 
NFETD, with 39 different extracted BSIM3v3 models 
downloaded from the MOSIS web site. The drain curves 
are shown in Figure 8 and the statistics are shown in 
Figure 9. The MOSIS process corners correspond to 
±one sigma variation in the transistor characteristics of 
±5.4 percent. We see that the mid-line approximation 
causes systematic errors that are 6 to 8 times larger than 
the process corners. 

Another difficulty faced by the designer is that even if 
the correct effective W/L is found for the drawn devices, 
the simulator will model the gate as having area, WL, 
that is much less than the physical gate area. This causes 
the simulation to under-estimate the gate capacitance by 
up to 30 percent. The gate capacitance is often one of the 
most important parasitic terms to consider, so this severe 
under-estimation is very undesirable.  In the next section 
we offer an approach to coping with the properties of 
annular transistors in ARHBD. 

 
Extraction/Simulation Strategy 

 
We find that annular transistors obviously require 

specially extracted geometric parameters for each 
drain/source configuration, in order to properly model 
the drain conductance. Also, extra gate capacitance is 
needed to account for the difference between the effec-
tive W/L and the physical gate dimensions. The best way 
to accommodate these requirements into the ARHBD 
flow is to follow an approach based on that used in RF 
integrated circuit design. 
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Figure 6. Annular NFETA drain characteristic at a selected bias point. 
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Figure 7. Annular NFETA gate characteristic at a selected bias point. 
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Figure 8. Drain characteristic variation of 39 MOSIS runs.
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Figure 9. Drain characteristics statistics of 39 MOSIS runs.

  



In this approach several useful annular n-channel 
transistor geometries are characterized in both the inner 
and outer drain configurations and suitable SPICE sub 
circuit decks are constructed. ARHBD is then con-
strained to only use these characterized geometries, al-
though composite devices constructed from combina-
tions of devices is permitted. The layout then must be 
extracted such that each n-channel MOSFET is mapped 
to a sub circuit in the extracted SPICE netlist. Ideally the 
extraction tool would recognize the source/drain con-
figuration; however, this is not a trivial task. An easier 
approach is to restrict the ARHBD approach to mostly 
use one source/drain configuration with a few excep-
tions. The extraction tool then generates a netlist based 
on a fixed source/drain sub circuit, and the designer must 
modify the netlist for the exception cases. This can often 
be done with scripts once the circuit topology is deter-
mined, especially if the entire layout is extracted hierar-
chically into sub circuits. 

Since only a constrained list of n-channel geometries 
will exist, then a sub circuit model can be constructed for 
each device geometry and source/drain configuration. 
The sub circuit should include an n-channel device with 
an extra small MOS capacitor implemented as an n-
channel MOSFET with drain and gate shorted to a node 
that follows the source potential of the primary MOS-
FET. This is illustrated in Figure 10. 

The above flow assumes that the source and drain 
configuration is fixed by the circuit topology, and this is 
often the case; however, there do exist analog circuits 
that dynamically change source and drain configurations.  
The best example is an analog switch implemented as a 
transmission gate, as shown in Figure 11. 

In this case we would implement the annular n-
channel transistor as a parallel combination of annular 
transistors with the inner drain of one device tied to the 
outer drain of the parallel device, as shown in Figure 11. 
This symmetric parallel combination can be character-
ized and provided with an appropriate SPICE model for 
the switch sub-circuit.  Although, the switch mostly op-
erates in the ohmic region where the drain conductance 
is much less of an issue, this method does not model the 
source/drain resistance properly.  In the BSIM3 model, 
the source drain resistance is modeled as a lumped resis-
tance in the current path, Rds.  The term Rds is inversely 
proportional to the effective transistor width.  

Since we are using the annular style of transistor lay-
out, the effective width we obtain to model the transistor 
curves, is much different than the geometric width of the 
two terminals.  As a result, Rds, and the entire channel 
resistance is underestimated.  Figure 12 plots both meas-
ured and simulated DC characteristics for a switch bi-
ased at 2.5V.   A set of two switches from two different 
die were measured and found to match with in 2 percent 
of each other.  The standard midline approximation dif-
fers from the experimental data by 26 percent.  Although 
we were able to obtain a better fit by using our improved 

width approximation, the resulting error was still 15 per-
cent.  We were able to reduce the error term down to 
within 6 percent by also adjusting the BSIM model pa-
rameter Rds to compensate for the difference in the effec-
tive channel width and the actual width of the 
source/drain. 

 

 
Figure 10. Annular n-channel MOSFET subcir-
cuit model. 

 
Figure 11. Transmission gate analog switch 
with parallel, annular n-channel transistors. 



The need to adjust the Rds parameter is somewhat dis-
concerting.  This requires one to parameterize the model 
parameters for each individual device.  Fortunately, by  
examination of the equations for the BSIM3 model we 
have found that all other occurrence of the width is in 
conjunction with Rds, to obtain the actual drain resistance 
for that device [7]. This further leads us to believe that 
the best approach is to use a limited number of well 
characterized, and modeled geometries in ARHBD.  
 
Summary 
 

We have shown experimentally that the commonly 
used mid-line approximation is very poor for the 0.5-
micron process we use for ARHBD.  The asymmetric 
nature of annular devices, the poor drain conductance 
modeling of SPICE models that are extracted from con-
ventional devices, and the under-estimation of gate ca-
pacitance and drain resistance all argue for a new 
ARHBD flow based on an approach often used in RF 
design.  In the suggested flow, the designer is restricted 
to the use of pre-characterized geometries, and the ex-
tracted layout is sub-circuit based so that reconstructed 
device sub-circuits can be used to accurately model the 
annular devices. 
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Figure 12. Measured and modeled characteristic for switch.



 


