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Introduction

The most important property of
the PIN diode is the fact that it
can, under certain circumstances,
behave as an almost pure resis-
tance at RF frequencies, with a
resistance value that can be varied
over a range of approximately

1 Q to 10 KQ through the use of a
DC or low frequency control
current.

When the control current is varied
continuously, the PIN diode is
useful for leveling and amplitude
modulating an RF signal. When the
control current is switched “on”
and “off” or in discrete steps, the
device is useful for switching,
pulse modulating, attenuating, and
phase shifting of an RF signal.

In addition, the PIN’s small size,
weight, high switching speed, and
minimized parasitic elements
make it ideally suited for use in
miniature, broadband RF signal
control components.

This application note describes the
important properties of the PIN
diode and illustrates how it can be
applied in a variety of RF control
circuits. Related HP publications
of special interest are:

1. AN 929, Fast Switching PIN
Diodes.

2. AN 985, Achieve High Isolation
in Series Applications with the
Low Capacitance HPND-4005
Beam Lead PIN.

3. AN 957-1, Broadbanding the
Shunt PIN Diode SPDT Switch.

4. AN 957-2, Reducing the Inser-
tion Loss of a Shunt PIN Diode.

5. AN 957-3 Rectification Effects
in PIN Attenuators.

6. AN 979, Handling and Bonding
of Beam Lead Devices.

Characteristics of the PIN
Diode

A PIN diode is a silicon semicon-
ductor consisting of a layer of
intrinsic (high resistivity) material
of finite area and thickness which
is contained between highly doped
p and n type material. When the
diode is forward biased, charge is
injected into the intrinsic or “I”
region. This charge consists of
holes and electrons which have a
finite lifetime before recombina-
tion. The density of charge in the
intrinsic region and its geometry
determines the conductance of the

device, while the lifetime [denoted
by T (tau)] determines the ap-
proximate low frequency limit of
useful application.

The conductance of the diode is
proportional to the stored charge
and the charge is in turn related to
the diode current by

_dQq | Qg
la=7¢ *7 )
where Ig= Diode current
Qq= Charge stored in the
diode
T= Recombination
lifetime
d= delta

If the diode is biased with only a
constant current, the stored
charge is constant and is equal to:

Qa=1IqT (2)
If the bias consists of both a
constant current and a low
frequency RF or time varying
signal, then the dc component of
stored charge will be “modulated”
by the presence of an ac compo-
nent. The degree of modulation
depends on the relative level of
the two charge components and
the frequency of the RF signal.

5965-8666E



This dependence on frequency can
be readily seen by solving the
Laplace transform of Eq. (1)
which yields

Qu () = U

1+ jort

3)
where (w) = 2 1tfreq.

This is plotted in Figure 1(a) and
iilustrates that at signal frequen-
cies below f. = 1/21 the RF signal
has about the same effect as the dc
bias. Above f. however, the
modulation effect decreases by
about 6 dB/octave.

The lifetime of PIN diodes is
determined by design and is
usually based on the desired
switching speed. Typically, T can
be in the range of 0.005 psec to
over 3 ysec. For a value of 100
nsec, f¢ is [11.6 MHz. Thus, the
diode can be simply visualized as
follows: At frequencies well below
f., the PIN diode behaves as an
ordinary PN junction diode. The
RF signal incident on the diode will
be rectified and considerable
distortion of the signal will occur.
In the vicinity of f., the diode
begins to behave as a linear
resistor with a small nonlinear
component. The signal conse-
quently suffers some degree of
distortion. At frequencies well
above f., the diode appears

&
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essentially as a pure linear resis-
tance whose value can be con-
trolled by a dc or a low frequency
control signal.

a) Low and High Frequency
Equivalent Circuits

Because of this behavior, the
equivalent circuit of the PIN diode
also depends on the frequency. At
frequencies much less than f;., the
equivalent circuit is as shown in
Figure 2(a) and is that of a normal
PN junction diode.

In this circuit

Lp = Package Inductance
Cp = Package Capacitance
R = Series Resistance

R; = Junction Resistance [J nkT

Algc

For a typical n = 1.8 and at
room temperature

48
Lacma)

R; O

Iqc = Forward dc Bias Current
Cj(v) = Junction Capacitance = a
function of applied voltage

At frequencies just below and just
above f;, the equivalent circuit of a
PIN diode depends upon the way
in which the device was designed.
It can reflect behavior which is
strongly inductive or strongly

6 dB/OCTAVE

capacitive. In addition, operation at
moderate bias levels in this fre-
quency range will result in the
generation of large amounts of
distortion.

At frequencies much higher than f,
the equivalent circuit is as shown
in Figure 2(b). Here the elements
Ly, Cp and Rg are the same as in
Figure 2(a). The element Cj,
represents the I-layer capacitance
which is constant and dependent
only on the geometry of the I-layer.
This capacitance can be measured
by conventional bridge techniques
and at a low (usually 1 MHz)
frequency if the diode is reverse
biased past the punch-through
voltage to assure that the I-layer is
fully depleted. Typical values of Cy
for present HP PIN diodes are in
the range of 0.02 to 2 pF, depend-
ing on the diode design. The
element R; represents the effective
RF resistance of the I-layer.
Although shown as variable, this
resistance is constant with respect
to the RF signal, providing the

by

Figure 2(a). PIN Low Frequency
Equivalent Circuit.
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Figure 1. PIN Behavior as a function of Frequency.
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Figure 2(b). PIN High Frequency
Equivalent Circuit.



frequency of the signal is much
higher than f., It is, however,
variable by the dc or very low
frequency control current.

b) The RF Resistance
Characteristic

Although the PIN diode is a two-
terminal device, it behaves essen-
tially as a two-port device. With
respect to the DC or low frequency
control signal, it appears as the
circuit shown in Figure 2(a), and
with respect to RF signals of
frequency > 10f., it appears as the
circuit shown in Figure 2(b). The
transfer characteristic of this
unconventional two-port is gov-
erned by the resistance Ry, which
can be written as

X
RI = K/Idc

where Rj is the effective high
frequency resistance and I is the
dc bias current in mA. The depen-
dence of Ry on Iy is similar in
form to the dependence of R;j on
I4c in the low frequency equivalent
circuit; however, the constant K
and the exponent x are different.
The high frequency resistance
function is plotted in Figure 3 for
the HPND-4165 diode. Due to a
variety of mechanisms that exist in
the diode at RF frequencies, both
K and x must be determined
empirically. For a specific diode
design, the exponent x is usually a
constant. For the HPND-4165, x is
typically 0.92. The constant K and
therefore, R}, however, are highly
dependent on the fabrication and
process control and its value can
vary by as much as 3:1 from diode

HPND-4165 PIN Specifications

to diode. For switching or pulse
modulating application, the
variation of Ry between diodes at a
given bias is not significant since
the diode is usually switched
between a very high and a very low
value of resistance by the control
current. For analog applications
such as attenuating and modulat-
ing, and particularly where repeat-
ability and tracking of the attenua-
tion with bias current is desired,
this variation of Ry from unit to unit
can impose a design and perfor-
mance limitation. The HPND-4165
is precisely controlled in manufac-
turing, and resistance values at
specific bias points are specified
and the slope of resistance vs. bias
matched within narrow limits. The
specification limits of these
parameters are:
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Figure 3. Typical RF Resistance versus
Bias Current for HPND-4165.
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Test
Parameter HPND-4165 Conditions
High
Resistance
Limit Ry 1100-1660 Ohms 10 pA
Low
Resistance
Limit Ry, 16-24 Ohms 1mA
Max Diff. in
Resistance
vs. Bias
Slope A x 0.04 10 pA and 1 mA
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Figure 4. Matching of PIN Diodes by
Offset Current.
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Both of the resistance limits and
the slope are determined by
measurement at a test frequency
of 100 MHz. An example of these
resistance limits is shown graphi-
cally in Figure 4. The placement
of resistance limits on both
extreme values of resistance and
independently on the slope,
assures that the resistance vs. bias
curves for individual diodes will
be essentially parallel lines lying
within the tunnel defined by the



high and low resistance limits. operation is 500 MHz and in no
Extremely close tracking between  case were any package parasitics
diodes can therefore be achieved tuned out. The solid lines are

by offsetting the bias on one diode contours of constant attenuation

with respect to the other. The calculated from an assumed
offset current ratio required to equivalent circuit consisting of a
achieve this is given by parallel resistance R, and a

reactance Xj, in shunt across a

1
L)
I1 K1

The K values of the individual CHIP

diodes can be readily determined

by measuring the RF resistance of

the diodes at a 1 mA dc bias O
current.

¢) Effects of Package Parasitics HP OUTLINE 01
Typical HP PIN diode packages are GLASS

tance Cp. These elements are
SOT-23

=

values for some packages are given

=7 77777
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50 Q system. The coordinates of
the graph are the resistance Rj, and
reactance Xy, elements. The
attenuatlon performance of a
particular diode can be easily
determined by plotting its equiva-
lent Ry, and X, components at any
frequency of interest.
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in Figure b.
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In some applications these para-
sitic elements can be either “tuned-
out” by additional external reac-
tances or actually utilized by
forming a resonant circuit around
the diode. The bandwidth of such
structures is, however, limited.

When these elements cannot be HPLPOLDJTZ_LQ'\:ES
tuned out, performance over a Cp 00.10 pF
broad bandwidth will generally

suffer.

illustrated in Figure 5. With the
exception of the Stripline (Style
60) package, all the other packages
introduce additional reactive
elements in the form of package
inductance Ly, and package capaci-
shown in Figure 2 and typical

Figure 5. Package Outlines

As an example, Figure 6 shows the
attenuation versus bias character-
istics of the same diode in three
different packages. In all cases, the
device is mounted in shunt across
a 50 ohm system. The frequency of

H H
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Figure 6. Attenuation Produced by a Shunt PIN Diode as Its Impedance Varies

with Changes of Bias Current.

500 MHz is a relatively low fre-
quency, nevertheless differences in
the attenuation characteristics of
different packaged diodes are
evident. At frequencies much
higher than 500 MHz, the glass and
the double stud diodes will show
lower attenuation.

The Stripline package does not
exhibit this limitation because the
internal reactance elements are
proportioned to form a low-pass
filter structure with a high (30
GHz) cut-off frequency.

Because of this design, the
Stripline PIN diode does not
require any external matching
elements when used in a 50 ohm

Stripline circuit and can be used in
the design of extremely wide-band
RF control circuits.

d) Distortion in PIN diodes

Two basic methods are used to
fabricate PIN diodes. In the case of
BULK diodes, a wafer of very pure
(intrinsic) silicon is heavily doped
on the top and bottom faces to
form P and N regions. The result is
a diode with a very thick, very pure
I region. The epitaxial layer (or
EPI) diode starts as a wafer of
heavily doped silicon (the P or N
layer), onto which a thin I layer is
grown. After the epitaxial growth,
diffusion is used to add a heavily
doped (N or P) layer on the top of
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the epi, creating a diode with a
very thin I layer populated by a
relatively large number of imper-
fections.

These two different methods of
design result in two classes of
diode with distinctly different
characteristics, as shown in the
table below:

Parameter EPI Diode Bulk Diode

I-layer Thin Thick
Lifetime Short Long
Distortion  High Low
Current Low High

While manufacturers seldom
classify their PIN diodes as bulk or
epi devices, one can generally
identify them by their lifetime, T.
Lifetime is generally short (35 to
200 nsec.) for epi diodes and
relatively long (400 to 3000 nsec.)
for bulk diodes.

At frequencies above 10f., the PIN
diode acts as if it were a variable
resistor. However, it is a non-linear
device and, as such, it generates
distortion. There are three kinds of
distortion; harmonic, intermodula-
tion and crossmodulation. While
they are different from each other,
they are related. All of them are
strongly influenced by the lifetime
of a PIN diode, as well as the RF
power which is applied to the di-
ode. Long lifetime bulk diodes pro-
duce such little distortion that the
accurate measurement of it is often
very difficult with the best of in-
struments. Short lifetime epi di-
odes produce high amounts of dis-
tortion; under some bias condi-
tions, such a PIN diode behaves
very much like a SRD (Step Recov-
er Diode) comb generator.



PIN diode distortion drops sud-
denly as bias is set to zero (or
reverse bias) or to very high levels
of current. Distortion is worst at
the intermediate levels of bias
where the PIN diode’s resistance is
some moderate value. Thus, it can
be seen that attenuator applica-
tions require the use of a long
lifetime bulk diode to minimize
distortion. In switch applications,
where the bias is always at one
extreme or the other, epi diodes
generally perform satisfactorily
and offer the advantage of low
current consumption.

In reading the following para-
graphs, it should be borne in mind
that the bulk diode is always used
for attenuator applications and
sometimes as a switch, while the
epi diode is used as a switching
element only.

PIN Diode Applications

a) Design of Broadband Reflective
SPST Switches and Attenuators

The previously described charac-
teristics of the PIN diode make it
ideally suited for use in attenuating
or switching of RF signals. Two of
the simplest circuits that can be
used for this are shown in Figures
7 and 8.

The attenuation in the Series PIN
circuit is decreased as the RF
resistance of the PIN is reduced by
increasing the forward current.
The opposite occurs for the shunt
configuration. If the control bias is
switched rapidly between high and
low (zero) values, then the circuit
acts simply as a switch. When used
as a switch, the residual attenua-
tion that exists when the switch is
“ON?” is usually called Insertion
Loss (LL.). The attenuation pro-
vided when the switch is “OFF” is

CONTROL
BIAS

(RFC)

DC BLOCK

RFIN O—I

DC RETURN
(RFC)

(a) COMPLETE CIRCUIT

RFout

R| (PIN)

e T4

(b) IDEALIZED RF EQUIVALENT
CIRCUIT

Figure 7. Series PIN RF Attenuator or Switch.

Rg
RFN @ 9 ® RFouT
PIN (RFO)
z Rl 7 SR
DC RETURN 0 (PIN) 40 L
(RFC) CONTROL
BIAS

L

(a) COMPLETE CIRCUIT

(b) IDEALIZED RF EQUIVALENT
CIRCUIT

Figure 8. Shunt PIN RF Attenuator or Switch.

usually called Isolation (I.S.). If the
diode is assumed to be a pure
resistance at RF, then the attenua-
tion for each circuit is given as:

R
O(series) = 20 log (1 + 271) >
o
Zy
u(shunt) =20 log 1 +2E 5
1

where Z, = Rg = Ry, Circuit,
Generator and Load
Resistance, respectively.
R = PIN diode RF
resistance at the specified
bias current.
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As can be seen, the attenuation is
not dependent on frequency and is
a function of the ratio of the circuit
resistance to the diode resistance.
As the bias on the diode is varied,
the load resistance as seen by the
source also varies; consequently,
attenuation is achieved primarily
by reflection and partly by dissipa-
tion in the PIN diode. Circuits of
this type are generally referred to
as reflective switches or attenua-
tors.



As was shown previously, a real
diode contains several reactance
elements due to the diode and the
package. Consequently, when a
real diode is used, the attenuation
characteristic becomes frequency
dependent. For an equivalent
circuit shown in Figure 9, the
attenuations for the two circuits
are given by:

a '(sen'es) =

2 2
R's X'
10 log (70 +9 +(70)
4

o' (shunt) =
2 2
R'sZ 2\ + X'sZo
10log [\ R'g2 + X'g2 * R's2 + X'g2

4

where R's and X' are the series
equivalent resistance and reac-
tance of the diode impedance, i.e.,
Zq=R's +jX.

These o functions are plotted as a
function of frequency in Figures
10(a) and 10(b) which show what
values of isolation and insertion
loss might be typically obtained for
single packaged diodes in either
shunt or series reflective attenua-
tors. These curves are based on
typical values of diode and pack-
age parameters. The upper fre-
quency performance can be
improved slightly by tailoring the
circuit geometry around the diode
package. For example, the high
package inductance (~ 3 nH) of the
glass packaged diode can be
reduced in the series circuit by
moving the ground plane or planes
of the transmission line closer to
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Zo | Lp R|
Y Y\ |
—— AW | AL I
| ci I
| 11
1 I
| |
Vg PACKAGED PIN
(a) SERIES DIODE
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——AAA

S

PACKAGED PIN

(b) SHUNT DIODE

Figure 9. Packaged Diodes Used as Reflective Attenuators.
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Figure 10(b). Attenuation of Shunt
Diodes Used as a Switch in a 50 Ohm
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the diode package, as shown in
Figure 11. This technique reduces
the package inductance by making
it appear more like a transmission
line. It also reduces the series
coupling capacitance of the
package by cutting the axial
electric field across the diode. The
former effect decreases the
insertion loss and the latter
increases the isolation at higher
frequencies. The Stripline diode
does not begin to exhibit these
limitations until approximately 18
GHz because the internal reac-
tances of the package and diode
are part of a low pass filter struc-
ture. The mini-strip or microstrip
package can be made part of a low
pass filter by tailoring the lead
inductance so the reactance equals
the characteristic impedance of the
line at the cutoff frequency. This is
the frequency where the capacitive
reactance of the diode is half the
line impedance. The combination
of the two leads and the diode
forms a three element low pass
filter. Other combinations of cutoff
frequency and lead inductance may
be obtained from tables of filter
elements.

b) Design of Resonant SPST
Switches

Another way that the performance
of a packaged diode can be im-
proved at high frequencies is to
“tune-out” the parasitic elements
by the addition of external reac-
tances. Such circuits are generally
referred to as resonant switches in
which the PIN diode is used
essentially as a switch which
switches the circuit parameters
from a parallel resonant condition
to a series resonant condition. The
high and low impedances pro-
duced by the parallel and series
resonant circuits, respectively,
constitute the “ON” and “OFF”

states of the switch. Although the
performance can be improved at
the design frequency, the band-
width of resonant switches is
necessarily limited, usually to

< 10%.

Figure 12 shows two typical
resonant switch circuits which are
useful at frequencies below 1 GHz,
or where the required external
inductance L is much greater than
the diode parasitic inductance Ly,
and the external capacitance C is
much greater than the package
capacitance Cp. Under these
conditions, the diode parasitic
elements have a negligible effect
on performance. The equivalent
circuits for the two states of this
resonant switch are shown in

Figure 12 (c¢) and (d). When the
diode is forward biased, the
elements Ly, and Cj are in parallel
resonance and the circuit between
A and B appears as a high imped-
ance. When the diode is reverse
biased, the elements Ly, and Cy are
in series resonance and the circuit
between A and B appears as a low
impedance. In both cases, the
impedances between A and B are
finite due to the presence of diode
resistance and finite element Q’s.
Both of these effects are repre-
sented as loss resistances R, and
Rgg, respectively. The expected
insertion loss, maximum attenua-
tion, and bandwidth can be ob-
tained from the formulas given in
Table 1. For L; and Ly being equal,
the resonant frequency in both

7

R R

Figure 11. Optimizing a Glass Packaged Diode for Series Reflective Attenuating in

a Coaxial Line.

(c) EQUIVALENT CIRCUIT OF
RESONANT SWITCH AT
FORWARD BIAS

Figure 12. Resonant PIN Switch Circuits.
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ZERO OR REVERSE BIAS



cases is approximately

f,0—L
2 Lch

the approximation being due
primarily to the fact that diode
parasitic elements affect the two
resonant states differently. In the
parallel resonance state, there will
also be a secondary series reso-
nance at approximately fz = 1.4 f,,.

At frequencies higher than 1 GHz,
the circuits shown in Figure 12 are
difficult to design because the
values of the external reactances
begin to approach those of the
diode parasitic reactances and
considerable interaction between
the various elements occurs.
Although this mode is still pos-
sible, the synthesis will generally
have to be empirical.

Resonant switches can also be
built by utilizing the package
parasitics and the diode chip
capacitance Ci, if these are of the
right value, or by tailoring these
package parasitics; which is
possible with the microstrip
package. In this mode of operation,
the equivalent circuit of Figure 13
applies. The mode of operation is
similar to the one described
previously and is evident in
Figures 10(a) and 10(b) where it
can be observed that as the
frequency increases, the insertion
and isolation curves approach each
other and finally reverse roles as
the equivalent circuits approach
parallel and series resonance.

The element values are chosen
such that L, and Cj are in series
resonance when the diode is
reverse or zero biased, and the
elements L, and C, are in parallel
resonance when the diode is
forward biased. For maximum

isolation and minimum insertion
loss, the two resonant frequencies
must be equal which dictates that
C1 = Cyp. This, of course, requires a
careful choice of the diode and the
package for the frequency of
interest. In many applications,
however, a sufficiently high
isolation to insertion loss ratio can
be achieved by working on the
slopes of two resonant responses
of dissimilar frequencies. Conse-
quently, C; need only be approxi-
mately equal to Cy,

In a packaged diode, C, can be
varied over narrow limits by
addition of external capacitance if
Cp < Cy which is generally true for
large diodes, or by reducing the
axial electric field around the
diode in the manner described
previously. The inductance can be
controlled by external addition if
Ly is less than required. The
synthesis of the circuit is therefore
very much controlled by the
proper choice of the diode chip
capacitance Cj, since this param-
eter cannot be controlled by the
user.

Lp

\»

Cp o

L

&

The impedance appearing across
A-B for the two resonant condi-
tions is then

Series Resonance

Rggr where Rgg = %
1+—L
Xcp?

Parallel Resonance
Ry(1+Q) Q==
Rg
and Rg = Ry @ high forward bias

The isolation, insertion loss, and
bandwidth may also be found from
Table 1, simply by substituting Rgg
for Rgs and Rg for Rgp. X is the
reactance of either the resonating
inductance or capacitance.

Lp R B

Ci
RL

(b)

Figure 13. Resonant PIN Switches Realized with Use of Package Parasitics and

Chip Capacitance.
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Table 1.

Attenuation (a)

Insertion Loss

Bandwidth

Series Mode
Resonant Switch

Forward Bias

2
20 log (RSP_+ .
o RSP

Reverse Bias

R
20 log (ZZSS + 1)
(0]

X2

)

Forward Bias

[4T1Z,C; X100 - 20]-1

Shunt Mode
Resonant Switch

Z
20 log 0

Reverse Bias

Forward Bias

Zo RSP
’ 1) 20 log (2(R8P2 +X2) .

Reverse Bias

Zo X10-0/20
41y

Applicable when Rg = Rp, = Z,

where:
Rep = (—2) x
SPEAL + Q2
X
Rss = =
Q2
X =reactance of either the
resonating inductance or
capacitance

c) Design of Multiple Diode and
Multi-throw Switches and
Attenuators

When the maximum attenuation or
isolation requirements are greater
than what can be obtained by a
single diode, multiple diode
circuits using series, parallel or
series-parallel arrangements can be
used. Examples of such circuits
are shown in Figure 14. A simple
parallel or series connection of
two diodes will only increase the
attenuation by a maximum of 6 dB
and will also increase the insertion
loss.

1 1
|<—Z)\—>|<—4 )\—>|

(b)

(CY '

D3

However, if n diodes are spaced at
quarter wavelength intervals, as
shown in Figure 14(b), the overall
attenuation can be increased by
more than n times that of a single
diode. The insertion loss, if it is
due to parasitic elements, may also
decrease because the 1/4 wave-
length (A/4) spacing produces
cancellation of these reactances.
Where A4 spacing is not practical,
higher isolation can be achieved by
using a series-shunt connection as
shown in Figure 14(c). In this
connection, isolations greater than
the sum of that obtained with a
single series and a single parallel
diode may be obtained.

The discussion so far has been
concerned with circuits that are
essentially single-pole single-throw
switches or two-port attenuators.
A variety of multiple throw ar-
rangements are also possible as
shown in Figure 15. The design
considerations for these circuits
are similar to those outlined above
except that interaction between
diodes must be considered in the

Dn

©

Figure 14. Reflective Mode Attenuators.
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design. The SPDT circuit of Figure
15(a) operates as follows: When
diode D is forward biased and
diode D3 is zero or reverse biased,
the RF power flows from Port 3 to
Port 2 and Port 1 is isolated. When
the two bias conditions are re-
versed, RF power flows to Port 1
and Port 2 is isolated. To minimize
reactive loading of the open port
by the closed port, the diodes are
spaced A/4 away from the feed
point. The RFC provides a dc
return for the bias currents and an
open circuit for the RF signal. The
capacitors C1 and C2 provide an RF
ground for the diodes and an open
circuit for the bias current. For
increased isolation, additional
diodes can be used which are
spaced A/4 away from the first set.

When M\/4 spacing is impractical or
its bandwidth restriction is undesir-
able, a series configuration, as
shown in Figure 15(b), can be used.

In this circuit, increased isolation
can be provided by placing shunt
diodes singly or in A\/4 spaced pairs
at the output ports after the series
diodes. This configuration is
particularly useful for design of
multiple-throw wideband switches.
For multiple-throw configurations,
additional series or series/parallel
sections are added to the common
feed point.
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Figure 15. Multiple Throw PIN Switches.

d) Design of Constant Impedance
Switches and Attenuators

For some RF systems, the high
reflection coefficient at the RF
ports of the reflective switches
cannot be tolerated. For such
applications, a variety of constant
impedance switches and attenua-
tors can be built using PIN diodes.
Several such circuits are shown in
Figure 16. The circuits of Figure
16(a), (b), and (c), operate by
absorbing the undesired RF signal
power in the PIN diodes. The
circuits of 16(d), (e), and (f)
operate by reflecting the power to
a different RF port. In Circuits a
and b, the control current variation
through each diode is arranged in
such a way that the impedance at

both RF ports remain essentially
constant at the design value,
while the overall attenuation can
be varied over a range of less than
1 dB to greater than 20 dB. In
Circuit ¢, the input impedance is
kept constant by using a distrib-
uted structure with a large
number of diodes. The impedance
variation of each diode is also
shaped so that the diodes in the
center of the structure vary more
than those near the ports. The
resulting tapered impedance
structure results in an essentially
constant impedance at the ports,
while the overall attenuation can
be varied up to a range of 40-80
dB, depending on the length of
the structure. The tand T circuit
structures are generally very

2-19

compact and are particularly useful
at low frequencies in the range of
10 MHz to 500 MHz. In addition to
being constant impedance, they
exhibit very little change of phase
with attenuation and are very
useful for providing gain control in
RF transistor amplifiers in which
bandpass and phase characteristics
must be maintained over a large
range of gain variation. Perfor-
mance information on the 1
attenuator is contained in HP
Application Note 1048.

Because of its distributed nature,
the circuits of Figure 16(c) are
generally too large to be useful at
lower frequencies but are very
useful above 1 GHz. This circuit is
particularly attractive when very
large attenuation ranges are
required. Additional design infor-
mation on this type of attenuator is
contained in Ref. 1.

The attenuator circuits of Figure
16(d), (e), and (f) achieve constant
impedance characteristics by
virtue of the properties of the
coupling elements which are
placed between the RF ports and
the PIN diodes. In the circuit of
16(d), the power incident on Port A
of a 3 dB, 90° hybrid divides
equally between Ports B and C, and
Port D is isolated. The mismatch
produced by the PIN diode resis-
tance in parallel with the load
resistance at Ports B and C reflects
part of the power. The reflected
powers at B and C combine and
exit out of Port D. Port A, in this
case, is isolated and therefore
appears matched to the input
signal. The maximum attenuation
that can be achieved with this
scheme depends on the directivity
of the coupler and the quality of
the terminations at Ports B and C
when the diodes are unbiased. The
VSWR at Port A will depend on the
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Figure 16. Constant Impedance PIN Diode Attenuators.

equality of the power split in the
hybrid and the equality of the
reflection coefflcients at Ports A
and B. To assure the latter, the
diodes must be reasonably well
matched and must be spaced
equally from Ports B and C. The
insertion loss will depend on the
losses and the equality of power

split in the coupler and the
minimum resistance of the PIN
diodes when forward biased.

Circuits of this type can be easily
and economically constructed in
50 ohm stripline form using the
HP Stripline PINs. These diodes
require no external matching

structure and are very consistent in
respect to the position of the
effective internal reflection plane.
The typical performance that was
obtained with this type of circuit is
illustrated in Figure 18 for the
circuit of Figure 17. As can be
seen, this kind of attenuator is
useful over a wide frequency range.
However, due to the hybrid direc-
tivity, there will be a considerable
ripple in the high attenuation state.
The ease with which the Stripline
PIN diodes can be incorporated in
such circuits is illustrated in Figure
19. Here broad-band biasing is
achieved by applying the bias
current to the diode at an “RF
ground” point. After passing
through the diode, the bias cur-
rents are returned to ground
through the 50 ohm terminating
loads.

The ripple in the attenuation
characteristics of the single hybrid
coupled attenuator can be elimi-
nated by using two identical
hybrids as shown in Figure 16(e).
This circuit eliminates the depen-
dency of attenuation on hybrid
directivity and its variation with
frequency. The typical perfor-
mance achieved with the double
hybrid circuit using HP diodes is
illustrated in Figure 21 for the
circuit of Figure 20. The construc-
tion of this circuit is also in
stripline but differs from the
previous one by the biasing
scheme. Instead of using ceramic
RF bypass capacitors, the diodes
make direct contact with the RF
ground planes and bias is applied
through inductors Lj and Lo, which
appear as a high impedance to the
RF signal. As in the previous
circuit, the spacing of the diodes
from the hybrid ports must be
equal and the diodes must be
reasonably well matched.



The circuit of Figure 16(f) achieves
constant impedance characteris-
tics by virtue of the isolation
properties of the circulator. The
PIN diode shunts the matched B
port impedance Z,. When the PIN
appears as a high resistance, all
power is absorbed in Z, at Port B.
As the PIN impedance changes,
Port B is progressively mismatched

Hi

and power is reflected and passed
by circulator action to Port C
where it is absorbed in a matched
load. The maximum attenuation
attainable in this circuit depends
on the matched port circulator
isolation and the quality of the
match of the circuit at Port B when
the PIN diode is zero or reverse
biased. The mechanical and
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electrical properties of the
Stripline PIN diode make it ideally
suited for direct integration into
the usual stripline ferrite circulator
structures.

PIN Diode Phase Shifters

The high speed switching capabili-
ties and the low “ON” and high
“OFF” impedance states of the PIN
diode make it also very useful for
many types of high speed, current
controlled phase shifter applica-
tions. Figure 22 shows a number of
practical PIN diode phase-shifter
circuits. All of these circuits are
easily realized in economical
stripline form and require no diode
matching structures.

As an illustration, a two-bit, 90°-
180°, phase-shifter circuit is shown
in Figure 22(a). The circuit uses a
conventional stripline 3 dB hybrid
and HP stripline PIN diodes. The
diode mounting and biasing was as
shown in Figure 19. 90° and 180°
of phase shift was obtained by
biasing Ports 1 and 2, respectively.
The insertion loss in any state
should be approximately 1 dB and
the VSWR < 1.1:1. For smaller
phase increments, diodes can be
spaced closer, however the effec-
tive electrical length of the package
and the operating frequency will
set the limit on the minimum phase
increment in this kind of circuit.
At higher frequencies and/or
smaller phase increments, electri-
cally shorter low parasitic diode
packages, such as the HP beam
lead, can be used or the circuit can
be modified by cascading several
stages of hybrid coupled phase
shifters as shown in Figure 22(b).
The hybrid coupled phase-shifters
are generally economical to build
and require a small number of
diodes.
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Other phase-shifter circuits, as
shown in 22(c) and (d), are usually
more expensive (circulator cost)
or require more diodes. The loaded
line circuit which had been popu-
lar in early phase-shifter designs
requires a very large number of
diodes. The design of this kind of
circuit is well covered in existing
literature, particularly Ref. 2.
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PIN Diode Power
Handling

The maximum signal RF power
that a PIN diode can handle is
limited by either the diode’s
breakdown voltage or its power
dissipation capability. In most
cases, power dissipation capability
sets the lower limit on signal
power handling.

Because PIN diodes are usually
operated in a reflective mode, the
amount of signal power that can be
handled by a PIN in a circuit is
usually very much larger than the
actual power dissipated in the
diode. The ratio of the power
dissipated in the diode to the
incident power depends on the
impedance of the diode relative to
the circuit impedance, the number
of diodes, and their relative
spacing. The following calculation
sequence refers to Figures 23 and
24 which relate the CW Power
Multiplier to either resistance or
attenuation.

1. Read the power dissipation
limit from the absolute maxi-
mum ratings given in the
appropriate data sheet.

2. Determine the CW Power
Multiplier from Figure
23 if diode resistance is known.
Alternatively, use Figure 24 if
circuit attenuation is known.

3. Multiply the power dissipation
limit by the CW Power Multi-
plier determined in (2).

For example, for the series mode
and a diode with a low and high
resistance state of 1 and 10K ohms,
respectively, approximately 2%
(CW Power Multiplier = 50) of the
input power will be absorbed by
the diode in either the “ON” or the
“OFF” state. If such a diode can
dissipate 3 watts, it can therefore
handle 150 watts of signal power.
In the shunt mode, the low resis-
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Figure 23. CW Power Multiplier vs.
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tance state corresponds to the
highest absorbed power, which in
this case is 7.5% (CW Power
Multiplier = 13.3) of the incident
power. Hence, this same diode can
handle 40 watts of signal power.

If two diodes are used in shunt to
gain higher isolation, their spacing
determines how much power is
dissipated in each. The lead diode
in a paralleled diode set will
absorb either an equal or a greater
amount of power than the second
diode, depending upon the electri-
cal spacing of the two diodes.
Figure 25 shows what fraction of
the input power will be dissipated
in the lead diode as a function of
total circuit attenuation and diode
spacing for a shunt paralleled
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diode set in a 50 ohm system.
Dotted curves indicate the con-
stant resistance contours to which
the diodes are biased.

A common switching application
uses two shunt diodes in a double
throw circuit, as shown in Figure
15. One shunt diode is used in each
arm of the switch. The diodes are
located a quarter wave from the

1,000 10000 junction of the two output arms

and the input arm.

The power multiplier for either
shunt diode in this circuit is much
larger than the multiplier for a
single shunt diode. For example.
the multiplier for a 1 ohm diode is
53, compared to 13.5 for a single
diode. For a 0.5 ohm diode, the
multiplier is 103, compared to 26
for a single diode. The advantage is
approximately a factor of four, so
that a shunt diode in this double
throw configuration can switch the
same power as a series diode.

Since power handling can be many
times greater than the power
dissipated in the diode. the latter
should be minimized and carefully
controlled in high power applica-
tions. The maximum power that a
PIN diode can dissipate is given by:

_ Tjamax) —Ta

Pmax B GJ-C + GJ-A

where:
Tj(max) = maximum operating diode
junction temperature

Tx = Ambient temperature

8jc = Thermal resistance — junction
to case

6;a = Thermal resistance — case to
ambient

The junction-to-case thermal
resistance is determined by diode
and package design. The case-to
ambient thermal resistance is
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determined by how well the diode
is mounted. For very low 6;c
diodes, good thermal mounting is
particularly important. The HP
Stripline package, with its large,
flat, copper body and 2-bolt
mounting capability, is particularly
well suited for applications requir-
ing a minimum overall thermal
resistance.

If the PIN diode is used to control
pulsed RF power, the peak power
that can be handled increases as
the pulse width decreases. This is
because the effective thermal
resistance decreases with pulse
width. For a given pulse width, the
maximum peak dissipated power
can be determined from Figure 26.
For example, at a pulse width of 10
psec, the peak power handling
capacity is increased by ten times.

In all cases, the voltage breakdown
limit must be checked. For the
series circuit this is expressed as:

(VBR — VBIAS)?
—W
400

and for the shunt circuit:

(VBR — VBIas)?
100

Py (max) =

Py (max) =

This limit is optimized by using
zero reverse bias (Vpras). How-
ever, at low frequencies and/or
high power, forward current may
flow on the positive swing of the
RF voltage, reducing the diode
impedance. Reverse bias may be
necessary in these cases. Reverse
bias may also be needed to reduce
switching time. See AN929, Fast
Switching PIN Diodes, for details
of this application.
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