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ABSTRACT 
Symmetry around 0=dsV  is a critical requirement for 

MOSFET models, e.g. as it affects the ability of a model to 
simulate distortion accurately for some RF CMOS mixers. 
The Gummel symmetry test has been the standard test used 
to evaluate the symmetry of MOSFET models. However, 
this test is only applicable to DC current, and is only valid 
when there is negligible gate or substrate current. This 
paper presents a DC symmetry test that is applicable in the 
presence of gate and substrate currents, and an AC 
symmetry test that is simple and effective in verifying 
symmetry of gsC  and gdC . 

Keywords: MOSFET modeling; SPICE modeling; 
MOSFET symmetry. 

1. INTRODUCTION 
Some fundamental problems with MOSFET models 

have been known for over 2 decades. However, many of 
these problems remain in the MOSFET models that are 
widely used today. In part this is because of a lack of 
knowledge of, lack of application of, or incorrect 
application of, published tests that highlight the problems; 
to correct a problem you need to be aware of the potential 
for the problem to arise and need to know how to test a 
model to evaluate if it has the problem. 

The first set of tests, which I am aware of, that highlight 
specific problem areas in MOSFET models were reported 
in 1984 [1] (this was an expansion of [2]). The complaints 
of analog IC designers about these problems went 
unnoticed for another decade, when an extended series of 
MOSFET model tests was published in 1994 [3]. Although 
it took a further decade for these tests to result in practical 
models devoid of known basic problems, publication of [3] 
really triggered an increase in the awareness of fundamental 
problems at the core of most MOSFET models. A different 
set of detailed and specific tests for evaluating MOSFET 
models was presented at a SEMATECH workshop on 
compact models in 1995 [4] (this was the meeting that 
initiated the formation of the Compact Model Council [5]). 
In particular, the Gummel tests (symmetry, tree-top, and 
slope ratio), developed by Hermann Gummel of AT&T Bell 
Laboratories, were first made public in [4]. 

The Gummel symmetry test from [4] has become 
widely adopted. However, it was initially formulated in an 
era when gate current was negligible, and it turns out that 
the Gummel symmetry test is invalid in the presence of 
gate-drain or substrate-drain current.  Further, the Gummel 
symmetry test is only applicable to the DC part of a model. 

Under dynamic operation symmetry of the charge 
(capacitance) part of a model is also important. A method 
has been presented for evaluation of gsC  and gdC  
symmetry [6], however it is based on transient simulation 
and is not as direct as the Gummel symmetry test. 

This paper presents DC and AC symmetry tests for 
MOSFETs. The DC test follows the spirit of the initial 
Gummel symmetry test, but makes it applicable to DC 
symmetry evaluation in the presence of gate and substrate 
current. The core approach of the Gummel symmetry test is 
extended to test AC symmetry of capacitance coefficients. 
Both new symmetry tests are easy to set up and run in 
circuit simulators. 

Note that the tests defined here are of direct relevance to 
IC design; it is critical that a MOSFET model pass these 
tests in order to be able to simulate accurately some 
important aspects of circuit behavior, for example distortion 
for RF CMOS mixers [7]. 

Some MOSFETs have non-uniform and asymmetric 
lateral doping profiles in the channel, e.g. LDMOS devices 
where the channel region is formed by out-diffusion of an 
implanted region. The tests defined here are not applicable 
to such devices, but are intended only for models for 
symmetric MOSFETs. 

2. GUMMEL SYMMETRY TEST BASIS 
A MOSFET is a 4-terminal device, so there are 3 

independent voltages, measured with respect to a reference 
terminal voltage, which control the device behavior. As 
conventional MOSFETs are symmetric with respect to 
source and drain, MOSFET models should also be 
symmetric with respect to source and drain. However, in a 
conventional biasing situation you cannot just adjust the 

dsV bias to test symmetry, because with gsV  and bsV  held 
fixed, the device biasing is not symmetric for an equal 
magnitude but opposite sign of dsV , because source and 
drain biases with respect to gate and substrate vary. 

The key to the original Gummel symmetry test was a 
biasing scheme that led to a single quantity, the drain 
current dI , that was a function of a single variable, 
denoted xV , that differentially drives the source and drain. 
For a symmetric device this function has to be odd. 
Analysis of this 1-dimensional function )( xd VI , as 
opposed to the 3-dimensional function ),,( bsgsdsd VVVI , 
greatly simplifies evaluation of MOSFET model symmetry 
(or otherwise). This same basic approach is followed here. 
Specifically, testing the symmetry of the charge parts of a 
MOSFET model involves AC simulations, the results of 
which are combined to form an odd function of xV . 
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3. DC MOSFET SYMMETRY TEST 
The problem with the Gummel symmetry test is that it 

is defined in terms of dI . This was acceptable in an era 
when gate and substrate currents were negligible. However, 
with modern thin-oxide technologies there can be non-
negligible gate currents flowing in devices. So even though 
a device may be biased at 0=dsV , with gate voltage 
applied the drain current is non-zero ( gdd II −= ), and 
hence dI  cannot be an odd function of the Gummel 
symmetry test bias xV . 

Fig. 1 shows this. When 0=xV  there is no drain-source 
component of drain current, but bdgdd III −−=  is non-
zero in the presence of gate-drain or substrate-drain current. 

Fig. 1 DC Symmetry Test Biasing Configuration 

The new DC symmetry test is to apply the biases of Fig. 
1, which is a minor simplification of the Gummel symmetry 
test biasing in that there is no DC offset biasing for source 
and drain, as this can be accommodated in an equivalent 
manner by adjusting the gate and substrate biases 
appropriately. An odd function of the differential bias xV  is 
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)( xx VI  and its derivatives with respect to xV  are then 
plotted to determine where they become undefined at 

0=xV . Ideally all order derivatives should be defined, but 
in reality this is not always possible. The higher the order 
derivatives remain defined at 0=xV  the better the model. 

Fig. 2 through Fig. 4 show xI  and its first and second 
derivatives with respect to xV  for 3 MOSFET models, all 
of which include gate current modeling. Clearly from Fig. 2 
model B is not odd symmetric as 0≠xI  at 0=xV . This is 
because its gate current model is not properly symmetric. 
This highlights and important feature of the new DC 
symmetry test; not only does it verify symmetry of the core 

dsI  model, it also verifies symmetry of gate and substrate 
current models. 

Although model C has derivatives defined up to 2nd 
order in this test, the wiggles around 0=xV  that are 
apparent in Fig. 4 mean that it is inferior to model A, which 
has significantly smoother and more physically accurate 
behavior through 0=xV . The apparent continuity of model 
B in Fig. 3 is a figment of the voltage step used for 
simulation and the numerical procedure used to generate 
the derivatives; model A is the best (smoothest) model. 

Fig. 2 DC Symmetry Test )( xx VI  

Fig. 3 DC Symmetry Test xx VI ∂∂  

4. AC MOSFET SYMMETRY TEST 
During transient operation the current in terminal i  is 

(2) tVVVQVVVII bsgsdsibsgsdstrii ∂∂+= ),,(),,(,  

where all voltages are functions of time, triI ,  is the 
transport component of current and iQ  is the charge 
associated with that terminal. During small-signal operation 
the current in terminal i  is 
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where kdciik VIg ∂∂= , , kiik VQc ∂∂= , and kV  is the 
AC excitation at the kth terminal. The terminal currents 
depend on the charge component of a model as well as the 
transport current component. Symmetry of MOSFET 
charge models is therefore also critical for accurate 
simulation of distortion of devices that swing through 

0=dsV  (which will have capacitive components of 
current). However, no simple and direct test to evaluate 
MOSFET charge model symmetry has been defined; such a 
test is presented here. 

Fig. 4 DC Symmetry Test 22
xx VI ∂∂  

Fig. 5 AC Symmetry Test Biasing Configuration 
Two AC analyses are done, one with anti-phase and one 

with in-phase source and drain AC excitation. 

Fig. 5 shows the biasing scheme for the charge model 
symmetry testing. Two AC analyses are done, with both 0° 
and 180° phase differences between source and drain AC 
excitations.  If −gi  is the imaginary component of gate 
current gI  with anti-phase excitation applied and +gi  is 
the imaginary component of gI  with in-phase excitation 
applied, and the AC analyses are done at 1=ω  (i.e. 

π21=f ) then 
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is a measure, conveniently normalized, of the symmetry of 
the gate charge model. The new AC symmetry test is to 
sweep xV  from a negative to a positive value, for one or 
more values of gate and substrate voltage (chosen to bias a 
device in various regions of operation), calculate cgδ  from 
the results of the two AC simulations, and then plot 

)( xcg Vδ  and its derivatives with respect to xV . A perfect 
model is non-singular and has derivatives of all orders 
defined. If this is not the case, one model is better than 
another if it has derivatives that exist to a higher order of 
derivative with respect to xV . 

Fig. 6 AC Symmetry Test cgδ  

Fig. 6 through Fig. 8 show cgδ  and its first and second 
derivatives with respect to xV  for three different MOSFET 

models. Although all of the models have defined values for 
cgδ  and the two derivatives at 0=xV  (it looks like model 

C has an undefined second derivative in Fig. 8, and the 
sharp transition there is an artifact of the plotting; in fact the 
second derivative is defined there), models B and C have 
very unphysical wiggles. The normalized capacitance 
differential cgδ  should vary smoothly as xV  goes through 
zero, and it (and its derivatives) should not have wiggles 
like these. Model A is by far the best behaved of the three 
models. Note that the wiggles of model C near 0=xV  are 
discernable, but not obvious, in Fig. 6, and get amplified 
through the operation of differentiation. 
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Fig. 7 AC Symmetry Test xcg V∂∂δ  

Fig. 8 AC Symmetry Test 22
xcg V∂∂ δ  

5. CONCLUSIONS 
Symmetry is a necessary property of MOSFET models. 

The accepted and standard Gummel symmetry test is 
inapplicable in the presence of gate or substrate current (or 
more precisely the components of these that flow out of the 
drain), and is only applicable to the DC part of a model. 
This paper has presented a new DC symmetry test that is 
valid in the presence of gate or substrate current, and indeed 
verifies the symmetry of gate and substrate current models, 
and a new AC symmetry test, that was demonstrated on 

gsC  and gdC  
The AC symmetry test can also be extended to verify 

symmetry of bulk and source/drain charge models, here the 
concept is only applied to analysis of symmetry of the gate 
charge. Results of application to these other components of 
MOSFET charge models will be presented elsewhere. 
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