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Abstract -The paper presents for the first time a practical 
and relatively simple non-linear modeling solution for p-wave 
PIN diodes for use in HB circuit simulators. It enables very 
good prediction performance of the very important harmonic 
and intermodulation characteristics of these devices when used 
in typical p-wave switching applications. Accurate harmonic 
distortion measurements have been performed on a number of 
commercial surface mount PIN diodes, over a wide range of 
relevant bias conditions and RF power levels. Parasitic 
elements are first extracted from microwave S-parameter 
data. Separate non-linear circuit models are then used for the 
ON and OFF states of the PIN diodes, and these are directly 
optimized on the measured harmonic distortion data using a 
dedicated modeling platform developed within a commercial 
modeling software tool. The new models have been 
implemented and tested in a popular harmonic balm+ circuit 
simulator with very good results. The modeling solution 
described here can he also applied to other active devices for 
similar large-signal modeling problems. 

I. GENERAL INTRODUCTION. PIN MODELLING. 

Surface mount PIN diodes are used extensively in the 
implementation of front-end RF switches in many of the 
modem, multi-system mobile and wireless designs. This is 
due to their relative simplicity as a technology, their small 
size and low cost, their reliability, and not in the least, their 
excellent power handling and switching pxfom~auces at 
microwave frequencies. Indeed, considering the switching 
performance of a microwave PIN diode in small-signal 
conditions, it is hard to find many other active electronic 
components that can present such very distinct behaviour at 
two different bias conditions (from an almost ideal small 
capacitive element to an almost ideal small resistive 
element) [l]. Fulthemmre, with the latest generations of 
surface mount PIN diodes, it is becoming possible to 
achieve a satisfactory OFF condition and performances at 
OV bias, which is an obvious significant advantage in many 
applications (no negative bias is needed). 

From a modelling point of view, this rather unique 
behaviour constitutes on one side a big advantage, because 
it means that we can imagine some very simple linear 
equivalent circuits to model each of these two very distinct 
states (the equivalent circuit- shown in Fig. 1 is one of the 
more complex model solutions proposed in literature [2]). 
Such models can fit very well the small-signal 
characteristics over a broad frequency band. However, 
when it comes to predicting crucial large-signal effects, 

such as harmonic and intermodulation distortion, a good 
non-linear model is going to be needed instead. At this 
point, that beneficial, distinctly different behaviour just 
mentioned, becomes in a way a problem. Firstly, the main 
non-linear effects encountered in the ON and OFF states, 
are principally generated, when a relatively large RF signal 
is present, by two very different non-linear mechanisms 
inside the device: i) conductivity modulation of the charge 
within the I-layer in ON state [3] and ii) capacitance 
modulation in the OFF state [4]. Secondly, it is nonnaIly 
difficult enough to find suitable non-linear circuit models 
that can predict well either of these two effects, so it would 
be even more difficult to find one single. model that can 
predict both effects. Furthermore, complex non-linear 
models that may sometimes be imagined for such complex 
problems end up being of little use in practical terms to 
designers because their implementation in common 
commercial circuit simulators is not possible, and/or 
because the associated model par&&r extraction process 
is too difficult. 

So far, apart from the standard SPICE diode model, 
which is still used despite being quite unacceptable in the 
case of PIN diodes, there have been a relatively limited 
number of non-linear circuit models proposed in literature, 
and their capabihties have been limited in general to 
predicting some of the small-signal characteristics 
variations with the bias (such as impedance for example) 
[5][6]. To our knowledge, until now there has been no non- 
linear model for PIN diodes implemented in any HB 
simulator, capable of giving a satisfactory level of HD or 
IMD predictions. When it comes to optimising these 
characteristics, the RF engineers have no option available, 
other than choosing as best as they can the PIN diodes with 
best HD or IMD characteristics. But even this assessment 
often has to be based on the very limited HD information 
available from device manufacturers, or on approximate 
calculations based on physical parameters from data sheets. 

In this paper, we describe a practical solution to this 
problem, with two simple non-linear models being 
developed and implemented in a HB circuit simulator, for 
the ON and OFF states, respectively. Finally, simulations 
with the optimised new models are compared with the 
measured HD data for a number of distinct bias conditions 
(V,=-3V, V,=OV and Id=5mA), with very good agreement 
being seen in all cases. 
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II. LINEAR MODELING. PARASITICS EXTRACTION 

Using a high-performance 5OGHz test jig (ICM) with 
own dedicated TRL calibration procedure, the small-signal 
S-parameters were measured for all the PIN diodes under 
investigation over a wide range of relevant bias conditions, 
from OFF state (V,=-3V to OV) to ON state (I,=O.5& to 
lOmA). Although these PIN diodes are intended for use in 
the lower p-wave band, these measurements were 
performed between O.lGHz and 2OGHz. The reason for 
this was to include in the measurement data the self 
resonance frequency, which for these types of PIN diodes 
tends to occur between 15GHz and 20GHz (see Fig. 2). 
This enables an easier and more precise extraction of the 
equivalent circuit elements, and especially that of the series 
parasitic inductance (L,). A simple equivalent circuit model 
(Fig. l), similar to that proposed in [5], have been fitted on 
the S-parameter data, yielding accurate values for all the 
parasitic elements (CPK, Ls, R,). The equivalent p-wave 
n&-linear capacitance values in the reverse bias region 
were also determined during these optimizations (Fig. 8.b). 

Fig. 1. Simple small-signal equivalent circuit model for a 
packaged PIN diode, Two parallel R-C circuits are employed to 
account for the depleted (R,-C,) and undepleted (C)-R,) regions. 

0.0 
-5.0 

g-100 
$ -15.0 

-m.c 
-25 (I 

0 2 4 6 8 10 12 14 1618 M 0 2 4 6 8 10 12 14 16,823 
meq , GHZ, b?q I GHZ 1 

Fig. 2. Comparison between the measured small-signal p-wave 
S-parameters and simulation using the model shown in Fig. 1. 

III. HD AND IMD MEASUREMENTS 

Extensive large-signal measurements have been carried 
on 12 different commercial miniature SMT PIN devices, 
from different manufacturers, over a significant range of 
biasing conditions and input power levels. The core of the 
tests carried to this point have been single-tone 
(f,=1.9GHz) HD measurements, with a limited number of 
two-tone IMD measwements being also performed. Apart 
from the non-linear PIN model development, such 
comprehensive large-signal measurements can be used as a 
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database that could help designers to perform an informed 
and accurate assessment of the HD and IMD performances 
of each PIN diode, thus helping them to select the best 
component in each particular situation. The basic large- 
signal measurement set-up is shown in Fig. 4. The accuracy 
and consistency of any HD and IMD measurement is very 
much dependent on the matching conditions in which the 
DUT is tested, at the fundamental as well as the harmonic 
frequencies. These conditions have been always monitored 
in ou case. Fig. 5 shows the typical VSWR characteristics 
measured at the DUT’s input and output ports as well as at 
the spectrnm analyzer. For these large-signal measurements, 
we have used one of the latest high-performance spectrum 
analyzers available (E4440 from Agilent Technologies) 
with a very high dynamic range. An example of the HD 
characteristics measured for all the 12 PIN diodes in the 
ON state, for an input power of +35dBm, at different bias 
current values, is shown in Fig. 6. 

Along with the already mentioned small-signal S- 
parameter, HD and IMD measurements, we have performed 
also regular DC and low-frequency C-V measurements, as 
well as less common measurements such as microwave C-V 
and large-signal I-V measurements on all these diodes. 
More details, results and analysis of these comprehensive 
measurements, will be presented in a different article [7]. 

IV. NON-LINEAR MODELLING SOLUTION 

As opposed to trying to find a unique non-linear model 
for PIN diodes capable to describe the device’s HD 
characteristics in both ON and OFF states, we decided to 
follow a more practical approach, developing two separate, 
but relatively simple non-linear models for each of these 
two fundamentally different conditions. This is not seen as 
a major disadvantage, since it has become relatively easy in 
recent versions of commercial simulators to implement 
local model libraries, from where designers can easily 
select the appropriate model for each particular situation. 

The topology of the non-linear circuit model proposed 
can be summarized by the general schematic prksented in 
Fig. 3. ‘Ihe difference between the two is made by the 
resistor RDCFW, set to a very low value (Iti) for the ON 
state and to a very hgh value (1TQ for the OFF state. 
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Fig. 3. Proposed PIN non-linear equivalent circuit model 
( RKRV 0 in ON state and in OFF state ) 



A. Non-linear modeling in the OFF state 

It is known that the maih cause responsible for HD in this 
region is the high frequency non-linear diode capacitance. 
An SDD element (SDD-CV) is employed here in order to 
account for this non-linearity. Initially this is fitted on the 
low-frequency C-V measurement data. In the presence of 
even relatively mild large-signal levels when the PIN 1s 
switched OFF (the OFF state for these devices means 
reverse bias voltages not below -3V), the dynamic locus 
curve will inevitably extend into the forward bias semi- 
plane. However, this locus curve does not seem to extend 
into the forward bias region following the actual forward 
bias DC characteristic of the PIN diode (as it happens in the 
case of conventional diodes), but rather following an 
enlarged elliptic curve around the original bias point. 
Therefore, the SDD-DC-FW has been cot off from model 
in this case (R,, ). A third SDD (SDD-DC-RV) is 
employed to model the reverse I-V characteristic of the 
PIN. This entire model and its corresponding modeling 
strategy have been implemented into the combined 
modeling platform IC-CAP/ADS and then its parameters 
have been optimized directly on the HD data measured in 
the OFF state of the PIN diode (V, = -3V to OV). 

In Fig. 8.a. we present the initial model fit on the low- 
frequency C-V data, which has been used as a starting point 
in the optimization. Fig. 8.b shows a comparison between 
the C-V characteristics measured at low-frequency (1MHz) 
and those determined at high frequencies (O.lGHz, 1GHz 
and 2GHz) from the measured S-parameters. In Fig. 8.~. we 
can see the IC-CAP simulated C-y characteristic resulted at 
the end of the fitting process on the measured HD data in 
the OFF region. It is interesting to see how this comes oat 
very close to the 2GHz C-V characteristic determined from 
the S-parameter measurements. This is an impoxtant and 
very encouraging result, basically proving to a good extent 
not only the validity of our method, but also proving once 
more that this particular p-wave C-V non-linearity is indeed 
the one responsible for the harmonic distortion generated 
and measured in the OFF region for such PIN diodes. 

B. Non-linear modeling in the ON state 

As we mentioned before, for the ON state case, the 
resistor Rocw is set to a very low value (I&). This 
basically means that the SDD element accounting for the 
I-V non-linearity in the forward region (SDD-DC-FW) 
becomes now a significant part of the equivalent circuit 
model. Initially the forward bias DC model is fitted on the 
regular DC measurement data. Model fit results are shown 
in Fig. 7 for two PIN diodes with quite different I-V 
characteristics. The overall model parameters (particularly 
those related to the transit time) are optimized directly on 
the measured HD data taken this time in the ON state. Once 

again, this ON state model and its corresponding extraction 
and optimization methodologies have been implemented 
into the same combined modeling platform IC-CAP/ADS. 

V. RESULTS 

Finally, in Fig. 9 we present three measurement vs 
simulation HD test results. The first two are in the OFF 
state (V,=-3V and V,=OV) and one is in the ON state 
(4=5mA). Similarly good results have been obtained for all 
the other bias conditions. To our knowledge, these are the 
best HD simulation results obtained with a non-linear PIN 
diode model implemented in a commercial HB simulator. 

VI. CONCLUSIONS 

We described a practical non-linear modeling solution for 
the HD and IMD characteristics of PIN diodes used in RF 
switching applications, suitable for use in HB circuit 
simulators. Separate non-linear models wae proposed for 
the ON and OFF states. These have been optimized directly 
on HD measured data from commercial SMT ~~-wave PIN 
diodes. A special modeling platform has been developed 
within the IC-CAP modeling tool for this purpose. The 
resulting models have been implemented in the ADS 
simulator using symbolically defined device elements 
(SDD). The test results show very good predictions of the 
harmonic distortion characteristics of the PINS measured. 
The modeling strategy described could be extended to other 
active devices for similar large-signal modeling problems. 
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Fig. 4. The large-signal measurement set-up used for the HD (and IMD) tesfs (SMT PINliodes were placed in an ICM p-wave test-jig). 
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Fig. 5. Measurement results verifying the relevant impedance matching conditions required at the inpu~%?%tput DUT parts (Z,, ZL) 

and at the spectrum analyzer (Z,,), at fundamenlal freauencv ft=l.V GHz) and “D to the 4” harmonic. 

Fig. 6. Measured HD characteristics at +35dBm input Fig. 7. DC modeling test results for two of the SMT PIN diodes 
power level for 12 commercial SMT PIN diodes with significantly different DC characteristics 
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Fig. 8. a) Modeling of the low-frequency C-V characteristics; b) C-V characteristics of a typical PIN diode at low and high-frequencies; 

c) C-V model tit achieved (thick continuous line) after model optimization on the HD characterisrics in the OFF region, using ICCAP. 
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Fig. 9. Measurement vs simulation HD test results (up to 4’” harmonic) with the new non-linear PIN models (V,=-3V: V,=OV: 4=&A). 
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