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Abstract

This work presents the effect of temperature change on the capacitance of silicon PIN
diodes and the resulting change in performance of RF limiters at very high frequency
(VHF). Device temperatures were varied between —25 °C and 100 °C, with small-signal
parameters (including device capacitance) extracted at regular temperature increments
and bias voltages from —20 Vdc to +3 Vdc using a multi-bias parameter extraction
method. It was found that the junction capacitance of the four PIN diodes under
investigation increases with temperature, as expected from carrier lifetime behaviour,
while results also confirmed prior observations of an inverse relationship between
forward-biased series resistance and temperature. Devices were subsequently tested in
two different limiter topologies through high-power transient measurements. It was
found that the combination of increased capacitance and decreased resistance with
increasing temperature increases the transient spike leakage and decreases the flat leakage
of a limiter. It was also concluded that, for VHE, an anti-parallel topology provides the
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1 | INTRODUCTION

In modern communication systems, a single antenna is often
used for both transmitting and receiving signals [1]. In high-
power systems, such as very high frequency (VHF) radios
used for military, signals can leak from the transmission path
into the receiver path [2]. In other applications, such as mobile
electronic warfare (EW) systems, a broadband receiver antenna
is frequently found in very close proximity to a high-power
transmitter antenna that occupies the same frequency spec-
trum  [3].
receiver is shown in Figure 1. An RIF limiter is a power

A simplified superheterodyne communications

attenuation device that is inserted between a source, such as an
antenna, and sensitive components at the start of a receiver
chain and is designed to prevent high-power signals from
passing into the receiver, whilst allowing the receiver to
function unprotected in the absence of such signals [2, 4-8].
The limiter has, since its invention in the 1960s, become a key

best performance over a wide range of temperatures.

limiters, parameter estimation, p-i-n diodes, semiconductor device models

component in modern receiver protector designs to provide
electromagnetic protection to sensitive circuit components at
the front-end of a receiver chain [4-6, 9-12].

Military communication and EW systems commonly use
the VHF band (30-300 MHz) and are often used by personal
and armoured vehicles that are deployed in harsh environ-
ments. Systems are exposed to extreme device temperatures
during their service in the field. It is, therefore, critically
important to understand performance variation due to ambient
temperature variation.

PIN diodes, as depicted conceptually in Figure 2, are
generally preferred to other solid-state alternatives such as
Schottky diodes for RF limiters because of their power
handling capability and slower response times (which ensures
that solid-state switching follows the RF envelope rather than
rectifying the RF signal). A PIN diode with a thick I-layer has
more capacitance and a slower response and longer recovery
time than a PIN diode with a thin I-layer but also has greater
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FIGURE 2 PIN diode layout.

power handling capability [13]. Studies that investigated the
effect of ambient temperature on PIN diodes focused prti-
marily on the change in diode resistance in the forward-bias
state and at frequencies outside the VHF band [7, 8, 14-19],
or changes due to self-heating rather than ambient variation
[20]. It is, however, known that the spike leakage of a PIN
diode limiter can be influenced by the response time of the
PIN diode, as more energy can pass through the limiter before
it provides sufficient limiting [3, 12]. Spike leakage is depen-
dent on how fast a diode switches between the off and on
state. The response time and recovery time of the PIN diode is
directly related to the diode's cartier lifetime [1, 5, 11, 21], and
the carrier lifetime is in turn influenced by temperature and the
capacitance of the I-layer [8, 14, 22]. These effects are com-
pounded in an overall response of higher transient spikes in
diodes with thicker I-layers [23].

However, despite these known dependencies, there is no
systemic study investigating the effect temperature has on the
capacitance of PIN diodes and the resulting impact on a PIN
diode limitet's transient performance, specifically for diodes in
limiters used in applications that operate in the VHF band.

Recent literature on PIN diode and PIN diode limiters has
focused on improved circuit or device design [24-20]
(including integration with amplifiers [27, 28], filters [29, 30], or
balanced networks [31]), improved circuit
modelling [32] or modelling by other means such as neural

reflectionless

networks [33], the application of novel materials such as dia-
mond [34], improved packaging [35-38], MMIC integration
[39, 40], reliability studies [41], and advances in device
modelling [42—45]. While the effect of incident power or pulse
length [46] on self-heating of the device is often studied [47—
51], as is changes in CW operation due to temperature varia-
tion [52-54], changes in transient behaviour due to ambient
temperature variation are not. While spike leakage in VHF
limiters was studied extensively in ref. [23], the impact of
temperature on this leakage was not.

This paper aims to address this shortcoming in literature by
providing, for the first time, explicit data on capacitance vati-
ation over temperature in PIN diodes, as well as studying the
effect of temperature variation on the transient response of
PIN diode-based limiters.

A brief review of a PIN diode's operation and known
temperature dependencies is provided in Section 2. Section 3
outlines this work's methodology to PIN diode modelling,
based on experimental measurements under temperature
variation and presents the small-signal model variation of the
selected PIN diodes at different bias points and temperatures.
Section 4 presents the measurement setup and results of the
transient operation at different temperatures, with the findings
summarised in Section 5.

2 | REVIEW OF PIN DIODES AND
MODELLING

While both the theory and techniques of PIN diodes and
limiters are well-documented, a short overview is presented
here for the sake of the later discussions.

2.1 | Review of structure and properties

PIN diodes can be considered as a bias-controlled variable
resistor at RF and microwave frequencies [1, 6, 10, 55]. The P-
layer (Figure 2) is a thin layer with low resistance and is heavily
doped with p-type acceptor impurities (or holes), while the N-
layer is heavily doped with n-type donor impurities (or elec-
trons). The I-layer, or intrinsic layer, is an undoped layer
containing very little impurities and, as a result, has a high
resistivity. In commercial diodes, the intrinsic layer is rarely
purely undoped but is often lightly doped with n-type impu-
rities [1, 10, 11]. The I-layer can also be lightly doped with gold
atoms to substantially reduce the minority carrier lifetime.

However, gold adds to the cost of the diode and increases
the minimum resistance of the PIN diode [1].

The electrical characteristics of a PIN diode also depend
significantly on the I-layer properties. These include the stored
charge (which controls the resistance and capacitance), carrier
lifetime (which governs the RF resistance and affects the
response time, spike leakage, recovery time, and bandwidth),
and power handling (through the thickness of the I-layer). For
example, a PIN diode with a thick I-layer is expected to have
high power handling capability but is too slow to be used in
stand-alone RF limiter applications because of its long
response time [7].

2.2 | Forward-biased equivalent circuit

A forward-biased PIN diode behaves as a current-controlled
resistor that presents a linear resistance to the flow of RF
current through the diode. It is this property that enables a
PIN diode to be used as an RF power control element [55].
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The equivalent circuit of a forward-biased, shunt-grounded,
PIN diode is shown in Figure 3.

The only intrinsic steady-state diode property modelled is
the forward-biased resistance, Ry, which is a function of the
forward-bias current, Ir. The other parameters are the bond
wire inductance and resistance, the package capacitances, and
the diode grounding inductance, L,qqi. Package reactance
have little effect on the diode's performance for frequencies
below 1 GHz [7, 55].

2.3 | Reverse-biased equivalent circuit
The equivalent circuit of a reversed-biased diode in shunt
configuration is shown in Figure 4, and consists of the shunt
combination of diode capacitance, Cg, and diode resistance,
Rg, in series with the parasitic inductance, Lpaaaie, Which can
also be neglected for frequencies below 1 GHz [7, 55].

Cr and Ry represent the reactance and net dissipative
resistance of the depleted I-layer in the reverse-biased diode,
respectively. Cg includes the junction capacitance, C;. Similarly,

Rbond Lbond Lbond Rbond

Pad DW__M_W_ 7 rad

J— Cpackagc Cpackage _

§ Lpaddie

O
Pad

FIGURE 3 Forward-biased, shunt-grounded, PIN diode equivalent
circuit. Adapted from [56].
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FIGURE 4 Reverse-biased PIN diode equivalent circuit. Adapted
from [56].

the parallel resistance, Ry, is also affected by any series resis-
tance in the semiconductor or diode contacts or package.

2.4 | Known thermal effects

Two main parameters of a PIN diode are strongly influenced
by temperature, namely the I-layer ambipolar mobility, u,(T),
and carrier lifetime, ©(T) [8, 14, 15]. Ambipolar mobility and
carrier lifetime as a function of temperature are given as the
following equations:

T
273 + Thom

i (T) = T ( ) SO

and

T<T>=1<Tm>< ! ) o, @)

273 + Thom

where pa(T) is the ambipolar mobility as a function of tem-
perature, 7(T) is the carrier lifetime as a function of tempera-
ture, T is the temperature in °C, T, is the ambient
temperature in °C, T is the temperature in °C, and Teoefacient 15
the carrier lifetime temperature coefficient.

Equation (2) shows that the carrier lifetime increases with
increasing temperature, as confirmed in refs. [15] and [22],
while Teoefficiene depends on the diode's sutface passivation and
I-layer capacitance [16], [19]. Ambipolar mobility in (1) de-
creases with increasing temperature [15].

Thermal capacitance is defined as the amount of energy
required to raise the temperature of the I-layer of the diode by
1°C, in the absence of heat flow from the diode [1, 57].
Thermal capacitance is given by the following equation:

C
CThcrmal = p_; (]/ °C>7 (3)

where Crperma is the thermal capacitance in Joule per Celsius
(J/°C), co is the specific heat property of the diode material in
cal/(g °C), o is the density of the diode material in g/cm’, and
V is the volume of the I and N-layer.

Equation (3) suggests that a diode with a thick I-layer has
greater heat capacitance and requires more energy to increase
the temperature through self-heating,

Ambient temperature variations are expected to have less
of an impact on diodes with thick I-layers, and more of an
impact on diodes with a thin I-layer.

3 | SMALL-SIGNAL MODELLING AND
MODEL VARIATION

To establish the effect of temperature change on device small-
signal capacitance, it must first be extracted from temperature-
varied small-signal S-parameter measurements of the PIN
diode. The purpose of this test was to characterise each of the
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PIN diodes in Table 1 individually by measuring the S-
parameter data for each diode at different temperatures and
bias voltages over a range of frequencies. Using the S-
parameter data and through a parameter extraction process,
the equivalent circuit models were determined.

3.1 | Measurement approach

The PIN diodes that were used for this study is given in
Table 1. Four silicon PIN diodes from Skyworks Inc. were
chosen to represent a selection of diodes with small, medium,
and large I-layers, in terms of thickness. The PCB was man-
ufactured on 0.5 mm thick Rogers RO4003C and devices fed
by a grounded coplanar waveguide. A 30 mm launch distance
was added to all the calibration standards and the DUT chat-
acterisation circuit to allow any higher-order modes from the
connector to microstrip transition to attenuate.

The PIN diodes were soldered to the test fixture as shown
in Figure 5. A Rohde & Schwarz ZNB20 vector network
analyser was used, with the addition of a bench power supply
and a digital multi-metre (Figure 6).

The small-signal measurement used a 5-point measurement
average. An Agilent E3640A 20 V/1.5 A DC power supply and
Keysight 34,465A digital multi-metre (Figure 6) were used to
bias and measure the current through the DUT, respectively.
The temperature range of interest (=25 °C to 100 °C) was
divided into 25 °C intervals. A highly accelerated life test
(HALT) chamber was used to control and vary the temperature

TABLE 1 PIN diode selection.
I-layer Carrier

Diode thickness Max lifetime,

name (pm) G (ph) CW (W) T, (ns)

CLA4610 4.5 0.32 @ 8 20
-6V

CLA4608 7 0.6 @ 5 100
38V

CLA4611 12 0.25 @ 10 300
-38V

CLA4609 20 0.6 @ 16 1100
=30V

FIGURE 5 Test fixture with DUT.

to which the test jig was subjected. The measurement setup
shown in Figure 7.

The test cables that were connected between the DUT inside
the HALT chamber and the VNA on the outside would be
subjected to changing temperature and were, therefore, selected
for temperature stability. Multiple units of a specific PIN diode
were available and were installed into the characterisation
(Figure 5) and limiter circuits beforehand, therefore eliminating
the need to move a single PIN diode between circuits.

The DC bias voltages were in 5 V steps from —20 V to
=10 V, 1 V steps from =10 V to —1 V, and 0.1 V increments
from —1 V to +3 V. This was done to achieve greater reso-
lution in bias regions of fast model parameter variation. +3 V
was selected as the maximum voltage because of the allowable
current draw by the PIN diode through the VNA in the
absence of a current-limiting resistor.

A two-tier calibration procedure was used. For the VNA
cable calibration, the SOLT calibration standard was chosen,
whereas TRM calibration standard was used to de-embed the
test fixture. The SOLT calibration establishes a calibration
plane at the outside of the HALT chamber where the tem-
perature is constant, and the TRM calibration shifts the cali-
bration plane to the inside of the HALT chamber and handles
temperature variations (Figure 7). A two-tier approach was also
done to allow large volumes of data to be captured in a
reasonable amount of time.

3.2 | Circuit model parameter extraction

To investigate the effect of temperature vatiation on small-
signal junction capacitance, the circuit model in Figure 4 can
be fitted to measured reverse-biased small-signal parameters,

[ Transient
spectrum analyser J&8%

[m‘powermever l ’D('powers\lej\']

TRM cal. plane

TT SMA

VNA
R&S ZNB20
=5

Launch distance

FIGURE 7 Small-sighal measurement setup.
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with some package parameters extracted using forward-biased
measurements and the model in Figure 3. The equivalent T-
circuit for both models can be presented as is shown in
Figure 8.

The equivalent circuit neglects the effect of Cpackager Pa-
rameters Z; and Z, represent the combined impedance of
Ryong and Lioqg in the series branch, whereas Y represents the
admittance of the shunt branch. Cp,crage i neglected in the
frequency range of interest.

The branch impedance and shunt admittance can be
calculated from the ABCD parameters of the circuit using (4).

{A B]:{(1+Y21) (Zy+ Zo + YZ, 2y) @

C D Y (14+Y2,) ’

where the two-port ABCD parameters are calculated from the
measured S-parameters.

Both direct-extraction and optimization-based algorithms
for parameter extraction [58] must deal with the ill-conditioned
nature of the extraction problem, which makes determining a
unique equivalent model for a device challenging. This ill-
conditioned behaviour of extraction is prevalent in parasitic
elements such as lead or bond inductances, or package ca-
pacitances, due to the small effect they have on the measured
data. Using a multi-bias approach that combines S-parameter
data from multiple bias points into an integrated parameter
extraction algorithm has demonstrated to be effective in
extracting a distinctive set of model parameters [59]. In this
study, the following heuristics are applied in extraction:

1. Lpaddes Rbonds and Liong are bias independent.
2. Atlow frequencies, Cg dominates the imaginary part of the
shunt impedance.
3. When the PIN diode is forward biased, the junction
capacitance in the shunt branch is negligible.
1. At high frequencies, the shunt admittance is dominated
by the reactance of Laqde.
2. At low frequencies, the shunt impedance is dominated
by Rp.

On the basis of these assumptions, the parameter extrac-
tion process started with the forward-biased model. Using the
de-embedded S-parameter data, the forward-biased series and
shunt branch impedances were calculated according to (4).

—{ s -

FIGURE 8 T-branch equivalent circuit.

The total shunt impedance for a forward-biased PIN diode
at 3 V is given by (5), with the best-fit value of L,,qq1c extracted
at the highest bias voltages using (6). The inductance was
calculated at frequencies between 4000 and 6000 MHz where
the inductive reactance is dominant.

Zzy = Ry + joL pdaie (5)
Lyaaaie = Sm(Zsy) /@ (6)

where Zsy is the complex shunt impedance at 3V (€2), and w is
the angular frequency.

The value of Ljaqaie Was averaged across the three highest
bias voltages to obtain a consistent value which was used as a
constant to extract the value of reverse-biased parameters.

The total shunt impedance for a reverse-biased PIN diode
is given by the following equation:

1 .
<’—G)CR> +]wLpadd167 (7)

where Zg is the shunt impedance at a given reverse voltage
(€2), Rys is the reverse-biased series resistance (€), Ry is the
reverse-biased parallel resistance (), Cr is the junction
capacitance (pF), Lyqaie is the previously calculated paddle
inductance, and w is the angular frequency.

Zr = Rgs + Ry

Using the branch impedances, Z; and Z,, the series resis-
tance and inductance were calculated using the following

equations:
Z, = Riond + j®@Lionds (8)
Rpona = real(Z,), (9)
Liona = Im(Z,) Jw, (10)

where Zy is the complex series branch impedance (£2), and w is
the angular frequency.

3.3 | Reverse-biased capacitance versus
temperature results

This section presents the capacitance versus temperature re-
sults for each diode and provides a comparison amongst the
diodes and PIN diode models.

The variation of the capacitance, Cg, with temperature is
shown in Figure 9, and would indicate a gradual increase with
temperature. Table 2 summarises the results of Figure 9.

The nominal values of Cg correspond well with published
datasheet values, featuring an irregular relationship between I-
layer thickness and junction capacitance. The data would
indicate that the diode with the thickest I-layer, CLA4609,
exhibits less capacitance change over temperature than the
diodes with a thinner I-layer thickness, as is suggested by (3),
except for the CLA4610 diode. It is also interesting to note
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that, for this device, most of the capacitance increase occurs
between 75 °C and 100 °C.

3.4 | Reverse-biased resistance versus
temperature results

The best-fit series resistance, Rgs, that was extracted at 0 V for
various PIN diodes, is shown in Figure 10 and demonstrates a
gradual increase in series resistance over increasing
temperature.

The best-fit parallel resistance, Ry, extracted at 0 V versus
temperature is shown in Figure 11. All the diodes show a sharp
decrease in resistance from —25 °C to 100 °C, except for the

CLA4609 diode which has a more gradual decline.

3.5 | Forward-biased resistance versus
temperature results

The PIN diodes' forward resistance, Rg, at around 10 mA
versus temperature is given in Figure 12 and would indicate
that the diodes studied here have a carrier lifetime coefficient
of greater than 2.3. The large variation in forward resistance
below 0 °C could be due to inaccurate parameter extraction in
a range where Rp is no longer expected to be a small value.
The change in resistance with temperature was discussed in
a study by Caverly [15, 19], where it was shown that the
forward-biased resistance of the PIN diode may increase
(Teoefficient < 2.3), decrease (Teoefficient > 2.3), Of remain con-
stant (Teoefficient = 2.3) over temperature. While the manufac-
turer of the DUTSs included in this study does not provide the

required information to calculate the carrier lifetime
09 ‘ ‘ ‘ i
—&— CLA4608
0.8 | | —=— CLA4609 il
CLA4610
o 07 ——cragsit 4
= 5
= 06 = < — 1
~
O
05t ;
0_4”/"/4’—"/—/
03 ‘ ‘ ‘ .
-25 0 25 50 75 100

Temperature (°C)

FIGURE 9 Capacitance versus temperature comparison at 0 V.

TABLE 2 Summarised change in capacitance per diode at 0 V.

I-layer
PIN thickness Cp at Cg at
diode (pm) —25°C (pF) 100 °C (pF) 5% (pF)
CLA4610 45 0.4448 05152 0.0704
CLA4608 7 0.6995 0.8615 0.162
CLA4611 12 0.3834 0.4856 0.1022
CLA4609 20 0.6229 0.662 0.0391

temperature coefficient, the results shown in Figure 12 would
indicate that the diodes studied here have a carrier lifetime
temperature coefficient of greater than 2.3. This can further
and readily be explained by decreased scattering due to an
increase in lattice phonons, increased carrier mobility and

decreased bandgap [51].

3.6 |

results

Package parasitics versus temperature

The branch inductance, Z; and Z, shown in Figure 8, versus
temperature for each diode is shown in Figure 13. The results
show a slight increase in bond-wire inductance, likely due to
minor temperature elongation of the bond wire length.

The diodes' best-fit paddle inductance, Lqdie, €xtracted at
the highest bias voltages using (6) is shown in Figure 14. The
results show a negligible increase in inductance with increasing
temperature. Differences in inductance between diodes, which
were also observed in Figure 13, are likely due to small varia-
tions in the amount of solder used during installation.

14 ; ! - :
—E— CLA4608
—&— CLA4609
12 CLA4610
% CLA4611

25 0 25 50 75 100
Temperature (°C)

FIGURE 10 Series resistance versus temperature at 0 V.

4
ety ; . .
—&— CLA4608
\\ 5 CLA4609
3 cLA4610 |
\ —— CLA4611
B -

1 e 4
T ———F——g

. | | | |

-25 0 25 50 75 100

Temperature (°C)

FIGURE 11 Parallel resistance versus temperature at 0 V.
10 T T T T
—O— CLA4608
s | —5— CLA4609
CLA4610
= Eh —>— CLA4611
e
[« 9
&~ o4t
5L
0 | i
-25 0 25 50 75 100
Temperature (°C)
FIGURE 12 Forward resistance versus temperature at around 10 mA.
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FIGURE 13 Branch inductance versus temperature at 3 V.
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FIGURE 14 Paddle inductance versus temperature at 3 V.

4 | PIN DIODE LIMITER TRANSIENT
CHARACTERISATION

This section presents the measurement setup and transient
responses of each limiter topology at different frequencies and
temperatures. The small-signal model discussed in Section 3
provides, conceptually, a good baseline for how a diode's
capacitance will change with increasing temperature. Although
the specific capacitance values may differ between the small-
signal and large signal models, the trends over temperature
can reasonably be expected to correspond and are used here to
compare transient measurements.

From the discussion in Section 3, it is expected that the
change in capacitance, Cg, and forward resistance, Ry, due to
temperature will affect the transient response of a limiter in
terms of the limiter's spike and flat leakage, since the flat leakage
is dependent on how small the forward resistance of the diode
becomes during its on state, whereas the spike leakage is
dependent on the carrier lifetime, which is in turn influenced by
temperature and the capacitance of the I-layer [8, 14, 22].

4.1 | Circuits under test

Two PIN diode limiter topologies were chosen to evaluate the
effect of temperature variation on PIN-diode limiter response,
namely the traditional PIN diode limiter, and the anti-parallel
limiter. The traditional PIN diode limiter (Figure 15) is the
simplest type of PIN diode-based limiter and is frequently
featured in component datasheets.

The anti-parallel limiter circuit (Figure 16) does not require

a DC bias choke and has been shown to have improved per-
formance compared to the traditional limiter topology [60].

855
C1 Cc2
DC block DC block
J1 | | J2
Input | | Output
b1 l};fas
PIN diode choke

FIGURE 15 Traditional limiter circuit topology.

Cl 2
DC block DC block
JI | | J2
Input | | Output
D1 D2
PIN diode PIN diode

FIGURE 16 Anti-parallel limiter circuit topology.

The results for the CLA4608 and CLA4609 diodes are
presented, as they provide variety in intrinsic layer width (7 vs.
20 um) and carrier lifetime (100 vs. 1100 ns).

4.2 | Measurement setup

The purpose of this measurement was to measure the spike
and flat leakage of the PIN diode limiter through transient
analysis at different temperatures. The measurement setup is
shown in Figure 17.

A pulse generator (Figure 18) was used to produce pulsed
RF signals at 100 and 300 MHz, amplified to 100 W peak signal
using a power amplifier. The results at 100 and 300 MHz are
presented in Tables 3 and 4 in the following section. The
limitet's response was measured using an Anritsu MS2090 A
handheld spectrum analyser (Figure 6) configured in the zero-
span (time domain) mode.

Traditional limiter measurement

4.3 |
results

Figure 19 shows the transient response for the traditional
limiter using the CLA4608 and CLA4609 PIN diodes at
100 MHz at different temperatures.

For the CLLA4608 diode, the results show a 0.7 dB decrease
in the flat leakage from —25 °C to 100 °C. For the CLA4609
PIN diode, the limiter's flat leakage decreases with increasing
temperature due to a decrease in the series resistance at higher
temperatures shown in Figure 12. The results show a decrease
in the flat leakage of around 0.6 dB from—25°C to 100°C.

The limiter's change in spike leakage with temperature
shows that, at 100 MHz, the magnitude of the spike increases
by approximately 1.2 dB from —25 °C to 100 °C for the
CLA4608 diode, which, in combination with the decreasing flat
leakage, increases the spike leakage. For the CLLA4609 diode,
the results show a significantly more pronounced (3.1 dB) in-
crease in the spike magnitude, as well as a longer spike



856 |

BOTHA and STANDER

duration, over increasing temperature. These increases can be
attributed to the increase in the diode's carrier lifetime, which is
influenced by temperature and the increase in capacitance of

the I-layer, as was shown in Figure 9.

HALT chamber

SMA

! I
! I
‘ I
! N
1 ! Limiter
! i
| 100 W Power 6dB | <£
} Amplifier Attenuator : S
! I
| Spectrum Coax Thru |
| analvs | X
analyser N
iwp 40 a5
} Attenuator o=
|
|
|

R /
MV B

FIGURE 17 Limiter transient measurement setup.

Power amplifier,
500 - 3000 MHz

Power amplifier,
100 - 500 MHz

FIGURE 18 Transient measurement equipment.

4.4 |
results

Anti-parallel limiter measurement

Figure 20 show the transient response of the anti-parallel
limiter with the CLA4608 and CLA4609 PIN diodes at
100 MHz for different temperatures.

Like the results in Figure 19, the anti-parallel limiter with
the CLLA4608 diode also exhibits a decrease in the flat leakage
of about 0.6 dB from - 25°C to 100°C, whereas the response
for the CLA4609 diode shows that the limiter's flat leakage
decreases marginally with increasing temperature, with the re-
sults showing a decrease in the flat leakage of around 0.14 dB
from —25 °C to 100 °C. An increase in both the magnitude and
duration of the spike in the case of the CLA4609 diode is also
observed, with the spike magnitude increasing by 6.8 dB from
—25 °C to 100 °C.

The CLA4608 diode, with its thinner I-layer, was fast
enough to respond to the incident RF pulse and did not pre-
sent any significant spike leakage.

4.5 |

Results summary
Table 3 shows a summary of the traditional limitet's perfor-
mance at 100 and 300 MHz using the two different PIN di-
odes. The table shows a clear trend of increasing spike leakage
and near-constant flat leakage with increasing temperature. The
increase in spike leakage is more severe with the larger,
CLA4609 PIN diode, at 100 MHz.

A summary of the anti-parallel limiter's performance at 100

and 300 MHz is given in Table 4. As was the case with the
CLA4609 diode in the traditional limiter topology, the table

Spike leakage (n])

Flat leakage (dBm)

TABLE 3 Traditional limiter PIN diode
comparison at 100 and 300 MHz.

Temp. (°C) Freq. (MHz) CLA 4608 CLA 4609 CLA 4608 CLA 4609
=25 100 0.1 24.33 15.17 16.7

25 0.12 48.24 15.33 16.28

100 0.17 83.75 14.46 16.1

=25 300 0.54 0 15.33 17.96

25 0.59 0 15.35 18.07

100 0.66 0 14.73 18.36

Spike leakage (n]) Flat leakage (dBm) z;il?cin]fp;isoir;f-fgéaleclh;ge;dgj

Temp. (°C) Freq. (MHz) CLA 4608 CLA4609 CLA 4608 CLA 4609
=25 100 0.01 12.93 14.55 16.1

25 0 30.27 14.1 15.94

100 0 97.9 13.49 15.96

=25 300 0.18 0.76 13.98 19.04

25 0.25 0.24 13.57 18.31

100 0.49 0.19 12.28 18.1
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FIGURE 19 Traditional limiter's transient response versus
temperature with CLA4608 and CLA4609 PIN diodes at 100 MHz.
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FIGURE 20 Ant-parallel limitet's transient response versus
temperature with CLA4608 and CLA4609 PIN diodes at 100 MHz.

shows a clear trend of increasing spike leakage with increasing
temperature at 100 MHz. This can be attributed to the increase
in the diode's carrier lifetime which is influenced by tempera-
ture and the increase in capacitance of the I-layer, as was
shown in Figure 9. The results further show a small decrease in
the flat leakage at both frequencies for both diodes.

5 | CONCLUSION

This work presented, for the first time, explicit data on
capacitance variation over temperature for silicon PIN diodes
and studied the effect of temperature variation on the transient
response of PIN diode-based limiters.

It is evident from Figure 9 that a PIN diode's capacitance,
Cg, increases with temperatute between —25 °C and 100 °C,
mirroring the effect of temperature on capacitance in Schottky
photodiodes [61]. The measured data also supports (3), which
suggests that temperature variations will have less of an impact
on diodes with thick I-layers, and more of an impact on diodes
with a thin I-layer. The reverse-biased resistance results
showed a gradual increase in series resistance seties, Rgg, with
temperature, where the parallel resistance, Ry, showed a sharp
decrease in resistance with increasing temperature. It was also
found that the forward-bias series resistance, Ry, decreases

with temperature. It is concluded that the measured diodes
have a carrier lifetime temperature coefficient, Teoeffcienss OF
greater than 2.3, which is indicative of a negative resistance
coefficient.

The transient results showed that the flat leakage decreases
with increasing temperature for both the traditional and anti-
parallel limiter topologies operating at VHE, while the spike
leakage increases. The decrease in flat leakage with increasing
temperature is due to the decrease in the forward-biased
resistance that was shown in Figure 12. The increase in spike
leakage with increasing temperature, a novel experimental
observation of this work, can be attributed to the increase in
the diode's cartier lifetime, which is influenced by temperature
and the increase in capacitance of the I-layer. This observation
is supported by the small-signal characteristics in Figures 9 and
12, where it is shown that Cg increases with increasing tem-
perature, while R decreases. It can further be concluded that
the increase in spike leakage at higher temperatures correlates
with increasing device capacitance as influenced by carrier
lifetime.

The increase in spike leakage was found to be more severe
with the thicker CLLA4609 PIN diode, which showed far
greater spike leakage compared to the other diodes at
100 MHz. This can be attributed to the CLA4609 diode's
increased carrier lifetime compared to the smaller CLLA4608
diode, which is due to its thickness (20 pm compared to 7 um).
The result agrees with prior studies that found that diodes with
a thin I-layer (less junction capacitance) have little spike leakage
and that thick I-layer diodes (more junction capacitance) have
much more spike leakage [13]. As discussed in Section II, the
response time of the PIN diode is directly related to the diode's
carrier lifetime, and the carrier lifetime is in turn influenced by
temperature and the capacitance of the I-layer [11, 23].

Future work will extend the frequency range of the study to
include X-band frequencies (8—12 GHz) or even 2-18 GHz for
EW applications, building on a distributed multi-stage topology
as shown in refs. [20] or [62]. This study will also be replicated
for microelectronic integrated limiters, incorporating a wider
variety of limiter topologies.

We further propose to extend the comparison of the single
and anti-parallel diode topologies to other performance pa-
rameters, such as operating bandwidth, building on the prior
work in ref. [63].
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