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ABSTRACT

;

In microwave switching circuit design, a switching-semiconductor figure of merit
can be defined and used as the measure of device switching effectiveness. In this thesis
research switching-semiconductor figures of merit were applied to general switching
circuits. Computer-aided circuit analysis program (Touchstone), and a Fortran

program were used for the computation of switching circuit performance.
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I. INTRODUCTION

A. BACKGROUND

The switching function as performed in microwave circuitry utilized in radar
applications is essential for the perfc;rmance of the circuit objective. In the majority of
practical cases, switching must be done by semiconductor devices, since mechanical
switches are ruled out by requirements of speed and allowable system weight and size.
Therefore the semiconductor switch is a vital component in most microwave circuit
applications.

Despite its practical importance, relatively little research attention has been given
to fundamental aspects of the switching problem, in comparison with, for example, the
problem of microwave amplifier or filter design. Therefore it is the purpose of this
thesis to examine some of the basic features of the switching problem. A general
requirement in the design of a switching circuit is the conversion of the set of given
switch performance specifications into a set of device requirements for the necessary
semiconductors to be used in the switch. It is known that a device figure of merit can
be defined which provides a unifying factor in this conversion process. Some progress
in the definition and use of switch figures of merit has been made by earlier workers,
but few practical procedures have been developed, and further work is needed in this
area. It is the purpose of this thesis to investigate the characterization of several
aspects of switch performance as a function of device figure of merit, as well as to
investigate the important aspect of the selection and use of devices so as to maximize
the power-handling capacity of the switch.

The fundamental specifications governing microwave switch selection and/or
design are:

1. Low insertion loss in on-state
2. High isolation in off-state

3. 3road handwidth

e

o

. Sufficient power capability

These characteristics are interactive, a change in one affecting the others. The
microwave switches considered here are those which employ semiconductor devices
(p-1-n diodes and FET’s) operated in two alternate bias states. The device is

characterized by a pair of two-terminal impedance values Z| and Z, in the respective

N et e e e,
NARPAR




bias states. The parasitic capacitance associated with semiconductor switching devices
necessitates some form of impedance compensation in order to achieve acceptable
insertion losses for the switch. Consequently the theoretical analysis of switching
circuitry has been oriented toward the study of two-state impedances embedded in
lossless impedance transformers [Refs. 1,231, These researches on switching theorv
have introduced specific invariant parameters related to the device impedance in its two
states, under lossless impedance transformation.

Kurokawa and Schlosser [Ref. 1], showed that diodes incorporated in a one-port
reflective switch can be characterized by a quality ractor parameter, Q2 :

2
1Z1- Z,]

2
Q (eqn 1.1)
RiRy

where R is the resistive component of Z;, and

Ry is the resistive component of Z,.
The numerical value of Q is unchanged when the impedances are subjected to a lossless
impedance transformation.

Atwater and Sudbury [Ref. 2] showed that this Q had the character of a figure of
merit, serving as an indicator of switching performance for semiconductors embedced
in variety of circuit configurations, and not restricted to the original reflection-type
circuit of Kurokawa and Schlosser. They followed the research of Kurokawa and
Schlosser and assumed that Z; and Z, had been transformed to real (resistive) values
in both states. Equation 1.1 becomes:

[Ry- Ryl

2
Q (eqn 1.2)
RiRy

From equation 1.2, we have the relationships:

R, Is a {unction of Q and R5. and

58 a4 uncuon of D and Ry.
Knowing the value of Q and given that R}, R, are known, the switching performance
is fully specified.




Kawakami [Ref. 3] found a different form of switching invariant parameter. He
defined this parameter as a semiconductor figure of merit, M:

|Zy-Z5) R
M = T‘r (an 1.3)
L.l - L

tJ

The parameter M assumes values between 0 and 1, and is also unaltered by lossless
impedance transformation. Kawakami also showed that when a device was
incorporated in a symmetrical two-port junction as a switch, 1ts transmussion
coefficients in the on and off states, S9¢(1) and S5(2), respectively, are related by
equation:

. 1S~ (DI(1-M)
S~ = 2 _ (eqn 1.4)
- 1-M [j1-2 Szl(l)g]

Equation 1.4 fully characterizes the switching performancs of the device. with

parameter M as a figure of merit. It may inverted to vield the form:

v = 1S5 1{(2)1-1S5 (1)} (eqn 1.5)
1S3 (2N +154 (1) 1[1-2{S5(2)]]

This expression 1s based on the assumption that the switching device in its two states
has the properties:

I"l = 0 (matched; Z = ZO)

r2 = Fmax = M
Equation 1.5 presents a usefu! tool for the selection of a semiconductor device to

satisfv low nower switching applications.!

L undamental theorem was denved v Hines Rer. 41, to predict the ~ower thut
van o€ swiiciied Oy a single-dicde switcn when It (s connected in 4 iumped-eienient
circuit such as to resonate the parasitic reactance of the switch at a single frequency.

Hines showed that the power which can be switched by the diode, P, is given by:

lln the absorptign switch assumed in equation 1.4, the diode absorbs the incident
energy in the switch off-state.

10




Py = O3V

maxlmax] (eqn 1.6)

where Vm

Imax
Hines conjectured that P

ax 1S a diode breakdown voltage, and
is a maximum forward current rating.
sw Tepresents a theeretical lmit for power switching by a
given device in an impedance-matched circuit.

In many applications, microwave switching circuits typically require multiple
diodes in cascade connection to achieve adequate levels of off-state isolation. For
exampie, radar and phased-array modules need a double-throw switch of high 1solation

to protect the receiver front end.

B. SCOPE OF THE THESIS RESEARCH

For the application to microwave switching, the proposed semiconductor figures
of merit are tested for different types of switching circuitry, to find the best parameter
to use in a switch selection and/or design problem in order to minimize insertion loss in
the on-state, and maximize isolation in the off-state. Additional objectives are to
determine, for the designed switch, what are the power dissipation and heat removal

problem in the individual semiconductor components.

11
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K IL. CIRCUIT ANALYSIS
W In the present chapter we generalize the circuit representation of microwave
X
i) . ~ . . . . . .
2y switches of our interest. Following this, a suitable circuit model may be selected for
:}a the particular type of switch required. The simplest representation is that of an N-
"“" . . . . . . .
ort, with scattering matrix description. The number of ports is determined by the
P P P
! W . . L) . . . .
;'::’ aumber of semiconductor devices and the type of switch (single-throw or muitiple-
" throw). For the semiconductor devices, there are three possible ways of connection to
..& . P y
R our circuit model, in shunt or in series or a combination of both. Because of heat-
-tﬁﬁ‘
sinking considerations we select the shunt connection and use a one-port network to
g p
Wy . . .
, represent the two-terminal semiconductor device.
EASLS ’
5 A. CLASSIFICATION OF MICROWAVE SWITCHES
)
h' . . .
¥ 1. Single Pole Single Throw Switches (SPST)
s The single pole” single throw switch is a switch which has one input port and
& gic | g put p
;-:‘- one output port. In this topology we consider our switch as a ‘box’ and it is a two-port
LHeN . . . . .
v, box network shown in Figure 2.1(a). For an ideal switch, all the power is transferred to
ol
b the load at the output port in its on-state, and no power transferred to the load in its
o off-state.
b . .
o 2. Single Pole N Throw Switches (SPNT)
> : . . . :
" For these types of switches, there is an input port and N output ports. Their
4o o o .
")' switching circuit models are a three-port box network for single pole double throw
A switches, shown in Figure 2.1(b), and a (N+ l)-port box network for single pole N-
i’ 4
A throw switches, shown in Figure 2.1(c). In microwave switch application, we are
& g pp
;-,::e interested in single pole double throw switches as mentioned in the introductory
ot . . .
" chapter. For SPDT switches, when one arm of the switch is in the on-state, the other
P
e arm is in the off-state, and vice versa. In general, we may consider a SPDT switch as
o o o - . . ‘
q:',;: vo SPST switches with their input arms :led together and appiv =wo different mas
e . ‘ . . B - .
oty states To thie semuconducrtor devices i tite diiferent arms or the switch.
l"'
NS
o
At
e
oy
- 2Single pole is a line-over-ground circuit.
o
15 12
i




b
B B. SCATTERING MATRIX REPRESENTATION OF MICROWAVE
i SWITCHES
-' We can use the properties of the S-matrix [Refs. 5,6: pp. 112, 50], defined in
" Figure 2.2, and assume that our switches are ideal switches with matched load at both
« inpn'l.t and output ports. We can represent the scattering matrices for both on and off
i;: ' states of our switches as follows.
::: 1. Single Pole Single Throw Switch
" _ -
A - 0 1
% ON STATE: [S] =
N [ 1 0]
¥,
':9
(1 0]
OFF STATE: [S] =
;a:i . () l <
s
e 2. Single Pole Double Throw Switch
;fs‘
& 010
iy ARM (2) ON: [S] = 1 00
d 000
#‘
G
o 0 01
1 ARM()ON: (S| = |0 0 0
R 100
.C..
o)

C. SWITCHING CIRCUIT MORPHOLOGIES

i 1. Number of Semiconductor Devices

A . . .

:n;t: In an SPST switch or one arm of SPDT switch there is at least one
Y . . . . . . .
A:;»f semiconductor device. For improvement of load isolation, the switch may require
) - . . . .

’ additional semiconductor devices. In general, a SPNT switch may use M
, semiconductor devices.

s

St . .
w0 M = pN ceqn 2.0

¥

vy . . .

;.;: where M is the number of semiconductor devices,

Q

D v

.::; N is the number of throws, and

R . .. .

:::: p is a positive integer.

Y
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& . 1 2 PORT

1
Tl

a. SpPST

g ——— 3 PORT
T . BoX

J|

) b. SPDT

p—
N+l PORT_—‘L

1
I *
% -

§ A

N1

A

; c. o
Y Figure 2.1 Single Pole N Throw Switches.

:::: TN - D2y 22 ‘
" N N PORT A

V2  port2
i J NETWORK v

’
o v

o
—
n

S11a1 + Spzap + -—= +gyna,

A B T Sp2) *+ Sppa; + —— + Spnap

'y Figure 2.2 Scattering Parameters.
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ey
AN

A'.:’"ﬂ
a",'!n,‘j
;;E‘ 2. Switch “BOX” Topologies
:31 We can define the switching circuit as a lossless embedding network with one
“.‘ [\
:*:f input port, N output ports, and M ports to which the semiconductor devices are
" _ coupled. The total number of ports of the embedding network is given by:
:‘gi‘:.
B
:u:g: Number of ports = (N+1+M) (eqn 2.2)
-‘:t'j . .
" Example of switching circuits.
".i;: 1. SPST switch with 1 semiconductor device. Figure 2.3(a)
i::: Number of ports = (1+1+1)
i = 3 ports
2. SPST switch with 2 semiconductor devices. Figure 2.3(b)
i =
=R Number of ports (1+1+2)
.:;;:‘ = 4 ports
‘ab
ey 3. SPDT switch with 2 semiconductor devices. Figure 2.3(c)
:‘-’Zﬁ Number of ports = (2+1+2)
:::. = 5 ports
'Z%.l
e . D. SWITCHING SEMICONDUCTOR DEVICE CHARACTERIZATION
ey
The semiconductor device in shunt connection can be represented by a one-port
K network, as stated above.> The device itself in the switching circuit may be
. \
NN characterized by:
R
Wy, 1. Two-states of impedance [Ref. 2). Z; (i = 1,2)or
A 2. Two-states of reflection coefficient [Ref. 1]. l"i (i=1.2).
_‘:::‘ The relations between impedance and reflection coefficient are:
&
R
e z L (eqn 2.3)
;= — eqn 2.
N 1 1- rl 0 q
M
.
""i rr = e Bl 1 Zo ieqn 2.4
.,"(, X : ZIT ZO
oy
35
o
. 3The device is in shunt to ground in the single pole circuit.
l:q »
tah o
:: 4 15
4. L 3
,'5 )

O AN TG Ty, ) O ) 1,000,000 000 000 4T 8707 Iy % NG SN X
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R a. SPST 1 DEVICE

o c. SPDT 2 DEVICE

Figure 2.3 Exampie of Switching Circuits.
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Figure of merit of the semiconductor device is defined based on the device
characterization chosen.
1. Figure of Merit, M
From equation 1.3

1Z-Z,)
1Z-Z5 |

Kawakami postulated that the fundamental characterization was in terms of

M

two specific states of I'; . He assumed the following conditions:
[} = 0 (Zismatched; Z = Z;)

A lossless matching network is assumed to be used to transform the device
impedance to the matched condition in this state. In the second bias state of the

device, the reflection coefficient presented by the transformed device impedance is then:

;r2| = T | ( this is equal to the figure of merit, M, of the devices )

max

However, this type of switch is a reflection switch.*
2. Quality Factor, Q

Kurokawa and Schlosser postulated that the fundamental characterization was
in terms of two states of impedance and their real parts (resistive). They defined a
quality factor Q2, shown in equation 1.1, as the figure of merit of the semiconductor
devices.

From the parameters defined above we can characterize the p-i-n diode and
specify a diode quality factor or the figure of merit for the device used in microwave
switching circuits. Diode quality factor, Q4;,4e, for @ typical switching diode is equal
to the switching quality factor, as may be shown:

From equation 1.1

(\2 (Rl - R'\A)z +~ Ny - .\(-w\)z
3 - ‘ 2 M
) RiRA
. “The [; = 0 state, absorbs energy and is not suitable for high power switching
circuits.
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RN
x{ For a p-i-n diode, a simple circuit model is assumed in which the two
;:: impedance states are:

i “|
«‘ t" [J

bt Zy = R forward bias

o Z, = Ry+jX, reverse bias

o

l;::'s If we assume that' R} = Ry = R ( for both bias states )

gR 2 | Xy

. e = =

“!.(‘. R

& :

N =

N (RCa )2

" Thus Kurokawa-Schlosser’s Q reduces to the conventional diode Q:
e

i Q@ = Qe (eqn 2.6)
nhel

o

s 3. Comparison of Figure of Merit

;;."',t We can find the relationships between the figure of merit, M, and the quality
D 3
:"‘E: factor, Q, as follows:
4:3.“: Kurokawa-Schlosser, quality factor, from equation 1.1

ot
1Z)- Z,/?
.A,_‘. Q2 = ._J_
’:‘Qt R{R,
B, R(-R,)% + (X-X,)?

! Q2 = ( e 2) ( 1 2) (eqn 2.7)

RiRy

Ny

1 ¥

™)

::: Kawakami, figure of merit, from equation 1.3
A'h..

"t

! 2

| 2 = 1Zy - Z,|

5 IM| 2
‘2' J |Zl + 22 |
1529

& : ,
o (Ry - Ry~ + (X - Xy~
s M2 = L2 T LTy (eqn 2.8)
. (Rl + Rz) + (Xl -Xz)
R
‘1‘ ]
L 1

e - 1M 1Z) - Zyl°

zZp +zy 1

0
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Z) + 2,12

Z) + 2, - 12y - 25
.z
47'; deRﬁ
"Qi -
“ I
| M2
;
: Q? 4 -——2'M'2 (eqn 2.9)
v = 4 .
v 1-1Mj )
: 2
R 2 _ _Q
:: M| It Qz (eqn 2.?0)
; If Q2 >>1
g
;
e 2
M| = 1- = (eqn 2.11)
Q

;} : E. TRANSMISSION LINE SECTION REPRESENTATION OF SWITCHING
) CIRCUIT MODEL
{ From an N-port box representation, the semiconductor devices are in shunt to

ground and have two alternate impedance values. For practical microwave integrated
;: circuit {MIC) applications, it is convenient to use transmission line sections in the

embedding network of the switches
s Figure 2.4, shows the circuit model of SPST and SPDT switches with one
semiconductor device in each arm. To optimize the switch characteristics for low

R insertion loss and high isolation, the impedance values of the devices are kept
4,

" unchanged at the particuiar {requency in 2ach state. Thne .ength and characteristic
‘ : ;

' :mpedance of the ransmussion !ine section are vaned 0 achieve the opumum switcaing
- characteristics in a particular frequency interval.
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;.; F. APPROACHES TO COMPUTATION OF CIRCUIT POWER-

‘g DISSIPATION
LS‘,: Using the Touchstone program, we can design a switch to have optimum
o switching characteristics. But the semiconductor devices in the optimized circuit may
b not be able to handle the amount of power dissipated due to heating of the devices.
;':"'g ' For effective switching design, it is advisable to calculate the maximum power
’ES:Q dissipation in each device before construction of the switch.
- 1. ABCD Matrix Representation of a Two-port Network
" From Figure 2.5 the ABCD matrix is defined in equations 2.12 and 2.13
_.“'f-
“ (1
Y V| = AV, + Bl, (eqn 2.12)
0
A
b Il = CV2 + DIZ (eqn 2.13)
‘ Equations 2.12 and 2.13 have the matrix form.
i o
i Vi [A BJ [Vf (eqn 2.14)
B = eqn 2.
BX i I ] C D IH ]
4:;‘:‘: r “ - -
g e
'E::’ i I ] C D} LIj]
D -C \'4
1
N = eqn 2.15
['B A] [11} (ca )
el
f.'.: The utility of the general circuit parameter matrix lies in the fact that cascaded
i two-ports can be represented by the chained product of element matrices [Ref. 5: p
N 110}.
i v A; By|[Ay, Byl ... A, BJ1[v
:i 1 - 1 1 2 2J [ n n] [ n+1l (eqn 2.16)
g Il Cl D C2 Dz ..... Cn Dn In+ 1
f‘ Thus the general circuit parameter matrix representation of cascaded two-
:.,‘ Dorts is the matnx sroduct dr generai fircuit paramerter matrices of the individual wo-
(¥
”’ 2cris, as snown n Figure 2o,

2. ABCD Matrix Representation of the Switching Circuit Model
e In the circuit model we have transmission line sections and semiconductor
)

" devices combined. Lumped-circuits can be characterized by ABCD two-port matrices
(i [Ref. 7: p. 188], as follows:

[}
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‘A
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N 2.1 Series impedance, as shown in Figure 2.7 (a)

o B - [1 Z] (eqn 2.17)
i C D 0 1 e

2.2 Shunt admittance, as shown in Figure 2.7 (b)

5: A B 1 0 .

KK 2.3 Lossless transmission line section, as shown in Figure 2.7 (c)
0

l’ \
g0 [A B] {Cose jzosmeJ
.,!‘,.:;' =

2.19
C D [YoSin® Cos (sqn 2.19)

oo 0 is an electrical length of a transmission line section

2.4 Lossy transmission line section, as shown in Figure 2.7 (d)

2 ,;J‘ A - 1 .
;. 4 [ B] _ [Cosh(y ) Z,Sinh(y | )J (eqn 2.20)

C D YoSinh(y 1) Cosh(y )

I = Physical length of a transmission line section.
@ = transmission line attenuation constant.’
, o B = wavenumber.
! ; 3. Calculation of Power in a Cascade Circuit

_s." From Figures 2.5, and 2.6 [Ref. 8: p. 393].

5 , . AZ +B

. in EETD (eqn 2.21)

v = oy 1 2.
1 Z,+ 7, g (eqn 2.23)

. [°4
- )
e -

b e = AI-(GY) (eqn 2.24)

Sa =0 for a lossless transmission line section.

e 23

|"l

R s TR B S o TR i R T N R e e o




a. SERIES IMPEDANCE

=1
1=z

@ =ELECTRICAL LENGTH
C.LOSSLES TRANSMISSION LINE SECTION

—rf ——
— _ —
—— e

=1
20 = Yo

d.LOSSY TRANSMISSION LINE SECTION

Figure 2.7 ABCD Matrix Representation of Devices.

24

" i
» i'c'\':?a’:’t‘d!!'




; Vi Vier = OV - (Bl (eqn 2.25)
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(eqn 2.26)

B Power at load
-~ P = 05&e[Vyyqlyty ] (eqn 2.27)

(eqn 2.28)
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11II. MICROWAYVE SWITCHING DIODE

The use of the semiconductor dicde as a switching element in microwave circuits
is based on the difference between the diode impedance under reverse and forward bias.
The diode appears as a very small impedance under forward bias and a very large
impedance under reverse bias. For a shunt-connected diode as a microwave switch, in
its on state most of the power is delivered to the load, and the diode lcoks like a large
impedance (reverse bias state). On the other hand, in its off state, the power is
reflected back to the source, or dissipated in the diodes, and the diodes look like a
small impedance (forward bias state) in shunt to ground. In this chapter we will
introduce some characteristics of the p-i-n diode, its behavior under forward and

reverse bias states, the equivalent circuit, and power handling capability.

A. THE P-I-N DIODE STRUCTURE

In a p-i-n diode, the semiconductor wafer has a heavily doped P-region and a
heavily doped N-region separated by a layer of high resistivity material that is nearly
intrinsic. The thickness of the high resistivity layer lies in the range between 1.5 to 150
microns [Ref. 9: p. 5]. The electrical contacts are made to the two heavily doped
regions.

In practice, there are no materials without any impurities. A practical p-i-n
diode consists of extremely high resistivity P or N-type material between low resistivity
(highly doped) P and N-regions. The lightly doped, high resistivity layer is called n-type
for P material, and v-type for N material. The [-region of a p-i-n diode can consist of
either v or m-type material. Figure 3.1(a) shows a P-v-N diode structure. If the I-
region is of sufficiently high resistivity, with few impurity atoms that will be ionized
the depletion zone will extend throughout the I-region and include a small
penetration into both the P and N-regions. Because of heavy doping in the P and N-
regions the depletion zene will aot 2xtend very fur ‘nto them, and the width or “he

Zepiction zone ¥l be ossentiaily equal to the i-aver width, W. [igure 3.1{0) shows
the structure of P-n-N diode, the depletion zone width is approximately equal to the

width of the intrinsic region. Most p-i-n diodes use v material [Ref. 7: p. 41} for the
[-layer.
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B. THE ELECTRICAL EQUIVALENT CIRCUIT MODEL

The p-i-n diode used in microwave application has a simplified equivalent circuit
under forward and reverse bias states as shown in Figure 3.2.

1. Forward Bias Equivalent Circuit

Under the forward bias state, both holes and electrons are injected into the [-

region, and the mobile carriers form a conductive plasma whose resistivity depends on
the carrier density obtained from the injection process. The forward bias resistance, R¢
may be expressed as:

Rf = Rl + RSf (an 31)
where R; = resistance due to the I region, and
Rys = resistance of P and N-regions and their ohmic contacts.

For an abrupt junction diode, the resistance due to the I-region can be
expressed as follow:

w2
Rp, = —mr0 (eqn 3.2)
2ipPyy T

where W = [-region thickness,

ir = DC forward bias current,

B,, = the average carrier mobility, and

Ty = the carrier lifetime in the intrinsic region.

In the shunt configuration switching application the forward bias resistance,
R;, is the major factor of power dissipation in the diode. Since R, is an inverse function
of a DC bias current, i¢ , we can increase irto minimize R; . For low voltage p-i-n
diodes, ani¢ of 10 mA, and for high voltage p-i-n diodes 150 to 200 mA is sufficient
to make Rgequal to Rge[Ref. 9: p. 8].

2. Reverse Bias Equivalent Circuit

ader -he -everse mased state. the [-region s denleted of carriers and the p--n
diode appears as a constant capacitance to a microwave signal. The dissipation losses
occur in the ohmic contacts and the resistances of the P and N-regions. R, is used to
represent these losses in the equivalent circuit model. Due to the capacitive reactance
at microwave frequency, the circuit impedance of the p-i-n diode in its reverse bias
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Figure 3.2 P-I-N Diode Chip Equivalent Circuit.
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state is much larger than the impedance in the forward bias state. The capacitance, C]-
of the p-i-n diode is determined by the diode size and I-region thickness as shown in
equation 3.3

C. = Mz (eqn 3.3)
] aw
where €, = free space permittivity,
g = the relative dielectric constant of the material,
D = the junction diameter, and
W = I- region thickness.

This equation is valid for all reverse bias voltage magnitudes greater than the
minimum voltage for complete I-layer depletion. Figure 3.3 shows equation 3.3
graphically for typical available p-i-n diode I-regions.

3. P-1-N Diode Cutoff Frequency
Hines [Ref. 4], defined a figure of merit for p-i-n diodes to relate the switching

effectiveness in terms of switching cutoff frequency, f... The Hines figure of merit is

cs'
given by

1
f = —— (eqn 3.4)
cs
2anJ RR,

The figure of merit, fcs is one of the parameters used in microwave switching
design, and for R¢ = R, f.//f is equal to the conventional diode Q. Knowing Cj, Rp
and R we can estimate the operating frequency range of the selected p-i-n diode from

equation 3.4

C. POWER HANDLING

[n the off-state of the microwave switch, the RF incident power is reflected back
0 the source or dissipated in the p-i-n diode. This dissipation causes the remperature
ot the juncuion 1o rise. For cach diode there is a maximum temperature that it can
withstand. The other factor which limits the amount of power handling is the peak
voltage that appears across the junction, which can cause damage to the junction. In
the p-i-n diode specification sheets these important parameters are available for the
designer to estimate the power handling capability of the diode in the designed
switches.
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1. Maximum Voltage across the P-I-N Diode
The instantaneous voltage across a p-i-n diode junction is the algebraic sum of
the RF voltage and DC bias voltage. If the junction voltage exceeds the device's
breakdown voltage, the p-i-n diode is in the avalanche region, and the p-i-n diode acts
as a low resistance causing high negative current flow and rapid temperature rise.
The

maximum voltage across the junction occurs when the diode is in the reverse bias state.

Figure 3.4 shows the condition for a high RF voltage drive with reverse bias.
The maximum instantaneous voltage applied to the junction is defined as:

Vv =

max (eqn 3.5)

VRF + Vbias

peak

where V.. is the DC reverse bias impressed on the diode.
White [Ref. 7: p.155], suggested the conservative limit of the safe maximum
voltage across the junction as:

vV =

max 0.5V

(eqn 3.6)
where Vy, is the p-i-n diode breakdown voltage. A circuit designer may choose a
different safety factor within an acceptable margin of safety for the designed switch.
2. Maximum Junction Temperature

The junction temperature of a p-i-n diode is determined by the ambient
temperature of the circuit and the power dissipated in the diode. The dissipated power
may be pulsed or CW. In either case, junction temperature must be kept below the
maximum allowable value. This maximum temperature is dependent on the diode
material (semiconductor), and the materials used in mounting and connecting to the
semiconductor. The recommended maximum junction temperature for safe operation is
200°C [Ref. 10: p.290].

a. CW Power Dissipation
imit

In the case of a continuous or a long-duration pulse. the temperature

s Jdetermined bV the initial emperature of -he diode materiais. the remperature ot the
heat sink, and thermal resistance between the wafer and the heat sink [Ref. 10: p.290].
jS is the total thermal resistance unit in °C /watt. The junction temperature, Tj, for a

given power dissipated, P4 and the ambient temperature, T, is given by the equation:
’ ’

T =

i (eqn 3.7)

T, + Pdejc
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b
S
1: The value of jS is determined by the physical volume of the junction,
'.: material and geometry of the package. The maximum value of ejc for most glass
's: packages can be as much as 600° C/watt. A large-area, high capacitance chip mounted
. on copper heat sink can have extremely low ejc of 5°C/watt or less [Ref. 9: p.10].
% b. Pulse Power Dissipation .
‘ For a short duration pulse, the temperature limit is determined by the
31 thermal time constant T, of the active region. .
‘(,;‘, T = ech (eqn 3.8)
:
X where Oj is the junction region thermal resistance, this value is available in the
_ specification sheet or can be calculated from the diode physical size.
:' BJ- = T‘:I—A (eqn 3.9)
B th
:' where W = the width of the I-region,
‘. K.y = the thermal conductivity of the material,
M A = the junction area, and

HC = the thermal capacity of the active region, also available in the
E specification sheet or can be calculated from:
W
;. HC = CppWA (eqn 3.10)
: where Cp = the specific heat of the material, and
_. p = the density of the material.
B For a pulse width of 0.25 7, or less, the pulse width is small compared
. with the thermal time constant. All the thermal energy is absorbed in the active region
) area, aot spreading o the surrounding. The temperature sise f the ‘unction. AT, 'n
'j amics 5 C s expressed v
m P4 At .
AT = —dP—{E (eqn 3.11)
"
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o Vot
g3
"i;‘*'.tz where At is the pulse duration. The junction temperature® Tj for a short pulse width
3,: from the above assumption is the sum of the ambient temperature and the temperature
*y,
e rise of the junction.
,-,:'
RS T = T,+ AT {eqn 3.12)
gt | a . A
a8
R ‘ . . . .
&2 For pulse widths of 0.507,} to 3t,; the diode junction temperature follows
;:. 2 an exponential curve given by the equation )
S
: N
Ty = Ty + Pgojll- exp(-yty)] (eqn 3.13)
s .
! Note that equation 3.13 contain Oj, the junction thermal resistance and not jS the
y‘ i: total thermal resistance. For cooling between pulses, the junction temperature follows
* ; an exponential decay with the same time constant 7y, [Ref. 9: p.10].
fe
B
. D. TABLE OF TYPICALLY AVAILABLE P-I-N DIODES
o To illustrate typical p-i-n diodes available for microwave switch design, Table |
K lists a number of typical diode chips from Microwave Associates, Inc. and their
l'
ool - approximate electrical parameters. The symbols used in this table are already defined in
. this chapter.
U
")
4oy
=
}
"‘
'_;
7
;E'
i
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K
e
20
~
o
" ®Neglecting the heat flow from the junction.
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"
" TABLE 1
)
! TYPICAL PARAMETERS OF P-I-N DIODES
:Q
4
) MODEL MA-  MA- MA-  MA-  MA-  MA-  MA-
;} NUMBER 4P102 4P103 4P202 4P203  4P303 4P404 4P504
; Minimum
E' Vb(Volt) 50 30 100 100 200 300 500
E Maximum
) Cj @ Vr(10) 0.5 15 .05 .15 .15 .20 .20
Y (pF)(Volt)
8
‘: Maximum
) Rs @ If{10) 2.5 1.5 2.0 1.5 1.5 0.6 0.6
:: (ohm)(ma)
-' Typical
K Carrier .100 .010 .100 .100 .200 1.00 2.00
. Lifetime(uS)
é Maximum
',: Thermal 60 40 60 30 30 20 20

Resistance
¢ °
o (" C/watt)
}'|
& Power (max)
L Dissipation 2.5 3.75 2.5 5.0 50 7.5 7.5

at 25°C
‘ i ware)
L:..
'Q'
.:': ‘
W RY: i
d ‘
. |
P |
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IV. EVALUATION OF SEMICONDUCTOR MICROWAVE SWITCH
CHARACTERISTICS

[n this chapter, semiconducror device {igures of merit, Kawakamur’'s M and dicde
Q, are tested for the shunted switch configuration, to find the best parameter for use in
a switch selection and/or design problem. From equation 1.5, we know that the figure
of merit M, is a function of insertion loss, 521(1)’ in the switch on-state, and load
isolation, $51(2), in the switch off-state. In order to solve the equation mentioned
above, the switching characteristics, insertion loss and load isolation, should be
provided. By using a CAD program (Touchstone) we can minimize the insertion loss in
the switch on-state, and maximize the load isolation in its off-state. From the valuc of
these two switching characteristics, we can compare and select the figure of merit that
best characterizes the performance of this type of microwave switch. The power
dissipation and heat removal requirements in the individual semiconductor device can
Se estimated from its lerminal voltage. We will introduce two methods to evaluate the
semiconductor device terminal voltage, and its power dissipation:

l. Using a Touchstone application program to evaluate the terminal voltage of
interest.
2. Using a Fortran program written from the circuit model and method introduced

in Chapter II.

A. INSERTION LOSS AND LOAD ISOLATION CALCULATION USING

COMPUTER-AIDED CIRCUIT ANALYSIS PROGRAM (TOUCHSTONE)

The Touchstone program is advanced software for RF/microwave computer-
aided engineering [Ref. 11]. It can provide an output of the S-parameters of a multi-
port network and can perform an interactive optimization, and has applications which
can be used in the measurement of selected terminal voltages. For a given electrical
circuit, we can create a circuit file and evaluate circuit performance or use the
srrimization mede o et the optimized circuit-component vaiues.

There are wo o aiternative methods oi approach 1o anaivze these two switching
characteristics. The first method uses semiconductor device parameters, diode junction
resistance (Rj) and diode junction capacitance (C]-), as the direct input parameters of
the circuit file. The second method employs semiconductor device figure of merit, diode

Q, as an input parameter of the circuit file. In this approach the diode junction
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capacitance and/or resistance are calculated in the circuit file, and then follow the same
procedure as the first category.

Two types of microwave switches, single pole single throw, and single pole ‘
double throw switches, with one or multiple-semiconductor devices are investigated. By
using the clectrical squivaient circuit mode! introduced in Chapter 11, we can create the
circuit file following one of the above categories for the Touchstone system. The

assumptions for the circuit model are: .
1. All diodes in the switch are identical.
2. The transmission line configurations in the switch are symmetrical.’
3. The transmussion line sections are lossless.
4. The transmission line impedance is between 30 to 90 Ohms.
3. The transmission line electrical length is between 30 to 120 degrees.
If the input of the circuit file is the figure of merit, or diode Q, then the junction
resistance and junction capacitance are calculated from equations 4.2 and 4.3:

1000

Qgiode = ___”*tFOR-C- (eqn 4.1)
- 1)

1000 |
R; = — (eqn 4.2)
2rFoCiQqiode

1000
C]- = (eqn 4.3)
2mFoCiQuiode

where Qgjode 1S the figure of merit.

Rj is the diode junction resistance in ohm.

Cj is the diode junction capacitance in pF.

F( is the center frequency in GHz.

The relauon of '{ ,.; and dicde (Q at the center (requency of 13 GHz. (rom zguation

4.2, 4.3 1s shown m Figure 4.[. In our circult {ile ror convenience we fix the vajue of
capacitance and calculace the value of junction resistance (equation 4.2) and vary the
value of diode Q.

"For two-diode switches, TLINT is identical to TLIN3 (see Figures 4.3 and 4.7).

36

e LN w \;’ “ N A - " AR LTRSS LR Ly

. . LU TGN ‘
) "‘ ‘*‘-'Bl :’ N -i"Q 0&0 lq -\'l XS5 gt b‘)l.b‘l.h".» '\5 "'J’ .‘ \.‘ "I -' h.'l:.h.‘-"x h ,“.. o -e’lo!ha;!h’




|

TP F YT WP WP VUM W NV WL M ) W WL Sy vy ey -y

WTEUW W

W UOr v T

ZHY ST ADNIANOLRIE

(1d) ADNVLIDVAVD
1o 10°0 G000

4t o

i

(WHO) AONVISISTY

AINVLIOVAVD SA HONVISISHY

TEFY  TIIERFY RFRIFRF  TASYEEe  RRPREEE) (IASITIET TRRHAAES Ll o o

Resistance vs Capacitance as a Function of Diode Q.

Figure 4.1




3
s

PRV v

x

S

S i

In the procedure of creating a ='rcult .. = @ opumuze the switch characteristics
for low insertion loss and high isola‘:~n, one more assumption is made; the impedance
values of the diode are kept unchanged at the particular frequency in each state. The
length and the characteristic impedance of the transmission line sections are varied to
achieve the optimum switching characteristics in the overating frequencv interval. In
the optimization mode of the circuit file, we can minimize the switch inserton loss and
maximize load isolation at the same time. This approach may require a long
computation time to producev a result, and the switch insertion loss still may not
approach the wanted value. It is found that a more 2fficient method of approach is ¢
optimize only the insertion loss. The computation time is typxcally shorter, and
normally produces satisfactory insertion loss and load isolation. Figure 4.2 is the flow
chart of steps in creating a circuit file for the Touchstone system.

1. Insertion Loss in the Switch On-state

In the switch on-state, the ratio of the available power to the power reaching
the load is defined as the insertion loss of the switch. In this switching state, the p-i-n
diode is equivalent to a very high impedance in shunt with the circuit. A small amount
of energy will be dissipated in the diode, but most of the energy is delivered to the load.
Therefore the insertion loss of a well designed switch should be as low as possible. In
order to achieve the low insertion loss, the optimization mode in the Touchstone
system is used to perform the minimization of insertion loss to obtain the circuit design
values. In practice the insertion loss has units of dB, and can be calculated from:

Pyl
[Pload}

Insertion loss in dB = 10log (eqn 4.4)

From Chapter II, under the assumption of an ideal switch with matched load at both
input and output ports, we can use the scattering matrices to represent the
transmission behavior for both types of switches. Recall from Chapter I, for the on-

state reprasentaiion of S-marrices:

SPST ON STATE: [§]

(eqn 4.5)

.
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SPDT ARM (2) ON: [S] =

(eqn 4.6)

1
0
0

S o O

0

From equations 4.5 and 4.6, the insertion loss of the switch is defined as 15311 in dB®
and can be evaluated from the circuit file of Touchstone system.
2. Load Isolation in the Switch Off-state '

In the switch off-state, the load isolation of the switch is also defined by the
ratio of the available power tc the power reaching the load. In this switching state, the
p-i-n diode is equivalent to a very low impedance in shunt with the circuit. Most of the
energy 1s reflected back to the source, some of the energy is dissipated in the diode and
a small amount of energy can transfer to the load. For an ideal switch in its off-state,
the load isolation should be infinite, meaning that no energy is transferred to the load.
[n the real switch, the higher load isolation is the better switch performance. The load
isolation has units of dB and has the same formula as in equation 4.4. In order to
achieve the best performance of the designed switch, the Touchstone optimization
mode ts used, if desired, to optimize the load isolation as well as insertion loss. The S-
matrix representation of the switch in the off-state with the same assumptions as for
the insertion loss is defined as follows:

1 0

SPST OFF STATE: [S] (eqn 4.7)

SPDT ARM (3) ON: [§]

]
-0 O
O o O

1
0 (eqn 4.8)
0

From 'Refs. 2.6, and 2quations .7 and 4.§ Sa.i in &B is defined as the lecad isolation
3U the SPST switcaes, nd S-~; n iB s derined s tne cad soladon of he 3PDT

switcaes.

S4B value = 20 logig S91
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Figure 4.2 Flow Chart of a Circuit File.




‘z y 3. Example of Insertion Loss and Load Isolation Evaluation

::: S We divide the evaluation of switching characteristics into two cases:

St 1. Single pole single throw switch with two diodes.

»y 2. Single pole double throw switch with four diodes.’

;;;’:;: Two categories of creating the circuit file are applied to both cases.

A a. SPST Two-Diode Switch

B The electrical circuit representation of the SPST two-diode switch is shown
o in Figure 4.3(a). The switch on- and off-state equivalent circuits are shown in Figures
:E:;: 4.3 (b) and (c) respectively. To create a circuit file from the equivalent circuit, node
:::?, numbers are assigned to every component, then the steps in Figure 4.2 are followed.
e The example of circuit files for switching characteristics, insertion loss and load
e isolation, evaluation of a SPST two-diode switch are listed in Appendix A.

‘,:' Q SPSTD.CKT, listed in Appendix Al, is an example of the circuit file
EE, created for the single pole single throw switch in the first category, in which diode
5"'»’,! resistance and capacitance values are chosen and used as input data for the circuit file.
’:%t:f Input parameters are diode junction resistance and diode junction capacitance from
.? typical p-i-n diode parameters available in Table 1. We select the diode model number
455 MA-4P203 with 0.15 pF junction capacitance and 1.5 ohms junction resistance to be

the input parameters for the circuit file. After optimizing the circuit file from 10 to 20
GHz, we have the output file of the switch insertion loss and load isolation as shown

X r’—

e in Table 2.

33"" From the Touchstone output file listing in Table 2, LINDON and
!,.:': LINDOFF are switch insertion loss and load isolation respectively. Our required
’;.:‘: switch operating frequency range is between 10 and 20 GHz, the wanted value of
5 switch insertion loss is around -0.1 to -0.2 dB and the load isolation greater than -45
};\l , dB. The characteristics of Table 2 satisfy our switch design requirement. The plot of
- insertion loss and load isolation is shown in Figure 4.4.

After optimization, the circuit-component values, characteristic impedances
%3:3’ and electrical iengths of the fransmussion iine sections, ire Iiven :n -he opumuzed
.. circuit :ile. The opurnuzed 'ine-section narameters of the 2xampie :n Appendix \i ire:
;'__ transmission line section A has Z, of 39.40 ohms and E, of 106.3 degrees, transmission
E:E:E,: line section B has Z, of 38.25 ohms and Ey, of 62.7 degrees. In switch construction, to
:3::,:: obtain the design value of the insertion loss and load isolation, the transmission line
o

[\
:‘::',; 9There are two diodes in each branch of the switch.
e
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4.3(a) SPST 2-DIODE EQUIVALENT CIRCUIT
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\ 4.3(b) SPST ON-STATE EQUIVALENT CIRCUIT

TLIN A 2 TLIN B

Figure 4.3 Single Pole Single Throw Switch Equivalent Circuit.
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K
’f;
! TABLE 2
TOUCHSTONE OUTPUT SPSTD.CKT
4 Frequency - GHz dB {S21] dB [S21]
3 LINDON LINDOFF
o
» 10.0000 -0.150 -46.276
; 12.0000 -0.053 -47.025
B 14.0000 -0.085 -48.011
16.0000 -0.110 -49.261
K3
3 13.0000 0.141 -50.590
.‘GV
" 20.0000 -0.195 -51.750
J

.

: sections in the switch should have their characteristic impedances and electrical lengths
! close to the calculated values.

: SPSTQ.CKT, listed in Appendix A2, is an example of a circuit file created
I{ for the single pole single throw switch in which input parameters are Qgiode 2nd diode
:: junction capacitance. The selected value of junction capacitance is 0.15 pF and the
) value of diode Q are between 10 and 500 are used as input parameters of this circuit
file. After optimizing the circuit file from 10 to 20 GHz we have the output file of the

) switch insertion loss and load isolation as shown in Table 3.

% ‘ Table 3 is the collection of of SPSTQ.CKT outputs evaluated for different
diode Q values. This table verifies that the diode Q has the character of a figure of
merit, serving as an indicator of switching performance. The higher diode Q is. the

' detrer the switch characteristics: (ow insertion .0ss and high isoiation.

"' rigures 4.5 and 4.0 show the piot of inseruon loss vs frequency and ioad

isolation vs frequency of a SPST switch with two diodes with diode Q as a parameter.

\:' We can use these two figures together with Figure 4.1 for a design problem of a SPST
::‘ switch from a given specification. For example, a specification may require a two p-i-n
;:3 diode SPST switch to have at least -0.1 dB insertion loss and isolation better than
3 44
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r 1
: TABLE 3
TOUCHSTONE OUTPUT SPSTQ.CKT
i INSERTION LOSS IN JB
E Frequency Diode Diode Diode Diode Diode Diode
' GHz Q=10 Q=20 Q=350 Q=100 Q=200 Q=500
; 10.0000 -.367 -.342 -.135 -.064 -.0586 -.052
E 12.0000 -.194 -.111 -.049 -.031 -019 -011
14.0000 -.342 -.170 -.082 -.062 -.044 -.034
K 16.0000 -.499 -.231 -.101 -.052 -.037 -013
¢
E 18.0000 517 -269 134 o072 -039  -0I9
; 20.0000 -.724 -.393 -.186 -.096 -.048 -019
‘: LOAD ISOLATION IN dB
;' Frequency Diode Diode Diode Diode Diode Diode
GHz Q=10 Q=20 Q=350 Q=100 Q=200 Q=500
i
! 100000 2021  -30.53 -47.38  -58.78  -70.62  -86.42
"E 12.0000 -20.51 -30.84  -48.06 -59.46 -71.30 -87.09
‘ 14.0000 -21.05 -31.37  -48.88 -60.53 -72.37 -88.17
K 16.0000 -21.89 -32.27  -50.17 -61.90 -73.76 -89.57
. 18.0000 -22.93 -33.42 -51.39 -63.26 -75.14 -90.96
: 20.0000 -23.95 -34.57  -52.40 -64.28 -76.18 -62.01
' -60.00 dB at the mid-frequency of 15 GHz. In Figure 4.5, with the value of diode Q

50 or more the switch can have insertion loss less than -0.1 dB. But from Figure 4.6
the diode Q of 50 is not great enough to obtain load isolation of -60.00 dB.
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Therefore we select a diode for the switch that has the value of Qgiode ©f 100.
From Figure 4.1 with the Q=100 curve we can choose one of the p-i-n diodes that
has the value of junction capacitance and resistance close to our estimated value. If
we select p-i-n diode model number MA-4P504 with diode junction capacitance of 0.2
oF 1nd jurction resistance ol .0 onm, at 13 GHz we ootain the diode Q value of
88.42, switch insertion loss of -.102 dB and isolation of -60 dB from the modified
SPST.CKT circuit file.
b. SPDT Four-Diode Switch

A single pole double throw switch is considered as two SPST.switches with
input arms tied together, when one arm is in the on-state, the other is in the off-state.
A SPDT four-diode switch has the electrical circuit representation and the switch on
off-state equivalent circuit shown in Figure 4.7(a) and (b) respectively. To create a
circuit file from the equivalent circuit, the same procedure can be followed as in SPST
switch case. Or we can make some necessary modifications to the SPST switch circuit
files in Appendix A. The example of circuit files for evaluating SPDT switch insertion
loss and load isolation are listed in Appendix B.

SPDTD.CKT, listed in Appendix Bl, is an example of the circuit file used
for the single pole double throw switch with four diodes. With the same p-i-n diode
model number as in the circuit file SPSTD.CKT, after optimizing this circuit file from
10 to 20 GHz, we have the output file of the insertion loss and load isolation shown in
Table 4. The optimized transmission line section characteristic impedances and
electrical lengths are: 46.56 ohms and 93.58 degrees for transmission line section A,
89.06 ohms and 32.82 degrees for transmission line section B.

The output file listing in Table 4 shows that for the required operating
frequency between 10 to 20 GHz, the designed SPDT four-diode switch using p-i-n
diode model number MA-4P203 with 0.15 pF junction capacitance and 1.5 ohms
junction resistance, has insertion loss around -1.0 dT and load isolation greater than
-50 dB We realize that the insertion loss of the SPDT switch case is not so low as for
the SPST switch case. However the insertion loss and 'oad isolation satisfv the zeneral
~2quairement ot a switch design srobiem. The plot of insertion loss ind [2ad isolation
vs operating frequency is shown in Figure 4.8.

SPDTQ.CKT, listed in Appendix B2, is an example of the circuit file
created for the single pole double throw switch for which input parameters are Qdiode

and diode junction capacitance. In this example, the value of 0.15 pF junction
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N Figure 4.7 Single Pole Double Throw Switch Equivalent Circuit.
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TABLE 4
TOUCHSTONE OUTPUT SPDTD.CKT
Frequency - GHz dB {S2i] JdB [S21]
LINDON LINDOFF

10.0000 -0.756 -56.199
12.0000 -0.327 -57.856
14.0000 -0.226 -59.898
16.0000 -0.385 -61.603
18.0000 -0.417 -61.471
20.0000 -0.665 -59.573

capacitance, and values of diode Q from 10 to 500 are selected and used as input
parameters of the circuit file. The optimized output file SPDTQ.CKT is shown in
Table 3.

For general use of diode Q as the figure of merit to characterize the
switching performance of this type of switch, the choice of junction capacitance value
selected as input parameter to the Touchstone file does not strongly affect the Q-
dependence of switch performance shown in Table 5. The result of output file
SPDTQ.CKT listed in Table S verifies that the diode Q has the character of a figure of
merit, serving as an indicator of the switch performance. In a switch design problem,
diode Q can be used as a parameter that characterizes the switching transmission
characteristics. The plot of insertion loss and load isolation vs operating frequency as
1luncuon of Jdiode ) rom the results n Tabie I are snown in igures <) id - i)
Tiese (wo piots can oe used in 4 design prooiem of 4 3PDT switen irem a given
specification. The procedures for the design of a SPDT switch are the same as
mentioned in the SPST switch case.
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TABLE S
TOUCHSTONE OUTPUT SPDTQ.CKT
INSERTION LOSS IN dB
Frequency Diode Diode Diode Diode Diode Diode
GHz Q=10 Q=20 Q=30 Q=100 Q=200 Q=500
10.0000 -1.96 -1.38 -1.04 -.926 -.824 -.796
12.0000 -1.36 -.725 -.345 -217 -.148 -117
14.0000 -1.13 =577 -.265 -.179 -.129 -.095
16.0000 -1.32 -.756 -.394 -.294 -.232 -.190
18.0000 -1.69 -.935 -.395 -214 -.118 -.059
20.0000 2257 -1.49 -.835 -.564 -515 -.425
LOAD ISOLATION IN dB
Frequency Diode  Diode Diode Diode Diode Diode
GHz Q=10 Q=20 Q=50 Q=100 Q=200 Q=500
10.0000 -33.55 -44.74  -59.50 -71.18 -83.59 -99.46
12.0000 -34.35 -45.92  -60.83 -72.58 -85.09 -100.95
14.0000 -35.82 -47.90  -63.08 -74.99 -87.56 -103.43
16.0000 -37.56 -49.71 -64.75 -76.66 -89.13 -105.00
18.0000 -38.27 -49.68  -64.27 -75.97 -88.18 -105.04
20.0000 -37.34 -18.24 -62.75 -74.37 -86.21 -102.20

B. THE SEMICONDUCTOR DEVICE FIGURE OF MERIT WHICH BEST
CHARACTERIZES THE SWITCHING PERFORMANCE

Two well known figures of merit were used as parameters to predict the switching

performance of semiconductor microwave switches. In this thesis research, the
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semiconductor device considered is the p-i-n diode, used in a shunt-configuration

o

=

microwave switch. The conventional diode Q was shown to coincide with the

A WL
o
-

<2k

simplified equation of Kurokawa and Schlosser for quality factor Q, and therefore we

rd
7

use the conventional Q as our semiconductor device figure of merit. In Chapter I1

3

i

equations 2.10 and 2.11 showed the relationship between both i{igures of merit: the

diode Q and Kawakami's M. To verify these two equations, .we investigated the

relationship of Kawakami’s M and the switch transmission characteristics defined in

& equation 1.5. Optimal values of switch insertion loss and load isolation were evaluated
»- from the Touchstone circuit file which has the diode Q as an input parameter. For the
j§‘ SPDT switch case, values of insertion loss and load isolation evaluated with different
b diode Q values at 15 GHz. are ,ubstituted in equation 1.5, and the results are listed in
0% Table 6.
R
o TABLE 6
: COMPARISON BETWEEN FIGURES OF MERIT M, AND DIODE Q
L AM
o Diode Q S71 (D) S71 (2) M (eqn L.5) - X 100 (%)
(" AQ
:7 10.0000 0.9421413 0.1590319 0.9770399
‘- ‘ 0.1667
S: 20.0000 0.9677804  0.0865225 0.9937131
) 0.0161
-’ 50.0000 0.9830945 0.0404859 0.9985498
:\-'j' 1.8e-3 ]
2“ 100.000 0.9872322  0.0222759 0.9994510 :
- 2.9¢-4
: 200.000 0.9897033 0.0118343 0.9997507
W 2
> 00000 49015362 0.0053708 .50090 7
-
s
::': Table 6 shows the comparison of the two figures of merit, with M calculated

from equation 1.5. Note that in this table So1(1), $51(2) correspond to switch
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insertion loss and load isolation respectively, where the value of S5 is in the
10(d0/20)  The values of M are less than 1 as mentioned earlier. For
this type of switch at Qg 4e Of 10 the value of M is 0.9762, and at Qg;,4e of 500 the
value of M is 0.9999. For typical diode Q values, M departs very little from unity, and

form: 521 =

the percentage of deviation is reduced tremendously in the high Q region. Thus the

parameter Q ;4. 1S more convenient to use due to its wider range compared with the
) parameter M. When tested for different types of switch,10 the results are nearly the .
same as shown in Table 6 for all the values of M (almost unity and small deviation in

each interval). An additional reason in support of our decision to select the

conventional diode Q as the best figure of merit to characterize switching performance
! is that it is well known and widely used. Table 7 shows the comparison of the result
: from Table 6 and values of M calculated from equations 2.10 and 2.11, this table
% verifies that equation 2.10 can be used to convert the diode Q value to the figure of

merit M, and vice versa.

Pal et

- |

. TABLE 7

COMPARISON OF FIGURES OF MERLT M, FROM DIFFERENT
’ Diode Q M (eqn 1.5) M (eqn 2.10) M (eqn 2.11)

\ 19.0000 0.9770399 0.9805806 0.9800000

k- 20.0000 0.9937131 0.9950372 0.9950000

f 50.0000 0.9985498 0.9992001 0.9992000

i ; 100.0000 0.9994108 0.9998000 0.9998000

‘ 200.0000 0.9997507 0.9999499 0.9999500

500.0000 1.9599076 0.9999919 1.9999920

By

o

W

10SPDT switch with tuning stub, microstrip model.
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C. NODAL VOLTAGE CALCULATION USING TOUCHSTONE PROGRAM
The power dissipation in a particular diode can be calculated by the voltage

across its resistance or the current flow in the resistor of the p-i-n diode equivalent
circuit. In the Touchstone program there is a technique for probing the nodes within a
circuit file to determine the voitages at those nodes. An ideai voltage-controlled
voltage source (VCVS) is used as a non-loading voltmeter probe [Ref. 12]. The input
terminals of the VCVS are connected to the nodes between which the voltage is to be
determined. The output terminals are connected to an output port so that the voltages
may be read. The voltages read out from this method are normalized to umty value of
the open circuit generator voltage [Ref. 12]. Appendix C shows examples of the
Touchstone circuit files written for the evaluation of nodal voltages of SPST and SPDT
switches. For SPDT switch case, the equivalent circuit model using in nodal voltage
calculation is shown in Figure 4.11.

The circuit file SPDTV.CKT, listed in Appendix C2, is an example of a
Touchstone circuit file using VCVS modules acting as voltage probes reading the nodal
voltages from the attached terminals. The input parameters for this circuit file are the
diode parameters and the optimal transmission line section values of the SPDT switch
evaluated in Appendix B2. The major disadvantage of the Touchstone circuit file is
that we can define up to four ports in our circuit file, meaning that we can measure no
more than three nodes at a time. To measure a SPDT switch with four diodes, there
are six nodes of interest. The first three nodes are measured in the SPDTV.CKT circuit
file, while the last three nodes are measured by making some modifications to this
circuit file (by moving the VCVS module to the new positions). The output files of
SPDTV.CKT are listed in Table 8.

Knowing terminal voltage across the resistive part of the p-i-n diode equivalent
circuit both on and off-state, the next step is to calculate the power dissipation in the
individual p-i-n diode from the equation:

D= i jean 4.9

where P is the dissipated power at node n,

V,, is the terminal voltage at node n, and
th

R, is the resistive component of the n

p-i-n diode.
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Figure 4.11 Nodal Voltage Measurement Equivalent Circuit.

TABLE 8 1
v NODAL VOLTAGE FROM TOUCHSTONE SPDTV.CKT

L, 1
"’ SWITCH ON-STATE SWITCH OFF-STATE

[P

y Frequency  Vigq  Vpy VD2 Viead Vbr VD2

A"

o 10.0000 458 006 006 774 017 T3e4

' 12.0000 482 008 008 6.de-d4 016 6.0e-4

= 14.0000 485 010 009 5.1e-d 015 4.7e-d

oy | |

p £6.0000 273 017 210 tRel 0L 3 %2

e

h 18.0000 477 015 011 4.2e-4 013 d4.0e-4

: : 20.0000 463 018 012 53e-4  .021 5.0e-4 ]
2

vy 1
s

%:I* , 38
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;:-.: In practice the dissipated power in a particular diode is normalized to the power
'::' delivered to the load in the switch on-state. Therefore each power dissipation calculated
R P
*f:: from equation 4.9 is normalized to the switch on-state output power. For the
normalized power value, equation 4.9 becomes:
fx‘|'
1“.‘
J
5?2 P, = ——z——[vnlz Soad (eqn 4.10)
’e" n [v ] R
' load! ™n
¢
‘: where V 1s the load termunal voltage of the switch on-state.
" load
:..' The use of Touchstone circuit files, SPSTV.CKT and SPDTV.CKT, is very
)

convenient for evaluating the diode terminal voltage, but we cannot use Touchstone to
solve for power dissipation and the diode junction temperature problem directly. To do

\}

;: ‘ so one may use a hand calculator or write a special computer program calculating the
;':' power dissipation in each diode from equation 4.10, and use these dissipated powers to
S calculate the heat production from equations in Chapter II1I. However we see that the
;' Touchstone output file has onlv three significant digits after the decimal point,
* meaning that numerical round off takes place in the third digit. These outputs
‘*. generally satisfy engineering requirements. However for a very small nodal voltage
" across the diode, these rounded off outputs may cause significant error when we
o substitute them in a quadratic equation such as equation 4.1¢. It is a serious
:' disadvantage to use these outputs for high output power microwave switches. For
:’ example an output voltage of 0.010 from Touchstone to represent a value of 0.0103
"‘If volts can cause an error of 0.88 watts of diode power in a one kilowatt switch. This
i. number may look small, however it can cause an error of 30-40°C in diode junction
v temperature rise. This error can affect the decision of selection of a proper p-i-n diode
\ : for the switch design.

Rl

‘ D. EVALUATION OF POWER DISSIPATION AND HEATING USING
a: FORTRAN PROGRAM

o To avoid some disadvantages of the use of the Touchstone nodal voltage

:valuaton 9T DOWer lomputaton, ‘ve may search Jor another CAD arogram or create

e e
*

a specific computer program to solve this problem. Many microwave CAD programs

& have been written in FORTRAN 1V for both mainframe and minicomputers, but up to
i now there is no program written to solve for the power dissipation in a microwave
‘6 6 circuit [Ref. 7. The Fortran language requires specific formats of input and output
'l
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D and has to be compiled before running the program. Nonetheless, the advantages to
the microwave engineer are its complex number notation, and double precision
R capability. These two advantages lead to accurate outputs, for example in the
B multiplication of more than ten complex matrices in cascade. To write a Fori-an
i orogram to evaluate the terminal voltages of the diode microwave switch equivalent
’ circuit, electrical two-port components of the switch are converted into simple
th appropriate two-port matrix forms. In chapter 2 we introduced an ABCD matrix
representation of the two-port networks for a transmission line section, a shunt
admittance and series impedance in the lumped-circuits. For our switch circuit model,
the circuit components are characterized as boxes in cascade connecting with the

Y applied voltage at one end and the load at the other end.
To evaluate the power dissipation and junction temperature in the diodes of a

N SPDT switch which has an equivalent circuit shown in Figure 4.12, with the optimal

:} transmission line sections by use of Touchstone, the procedure follows the flow

4 diagram shown in Figure 4.13.

- 1. Nodal Voltage and Current Calculation

. We assume that the switch is supplied by a one volt generator with 50 ohms
j : series impedance. First we divide the equivalent circuit into two parts, one the on-
0 state branch the other the off-state branch. For both on- and cff-states, each -
. transmission line section and the diode equivalent circuit two-port network is

-, transformed into ABCD matrix form (Figure 4.12(a)) by subroutine MATRIX. This .
3) subroutine using equations 2.18 and 2.19 for the transformation of a shunt diode and a

K lossless transmussion line section into ABCD two-port matrices respectively. To obtain

’ the voltages and currents in the circuit, the successive input impedances of the

j individual two-port elements must be determined. All two-port networks in the branch

o are cascaded by subroutine MATMUL and produce a new equivalent circuit as in

S Figure 4.12(a). Subroutine MATMUL provides a complex matrix product of a pair of

. matrices. From Figure 4.12(b), input impedance in each branch (Zinon' Zinofp 18

‘ calculated from equation 2.21. The impedance of the switch (Z; ) is determined bv ‘he
. paralieling of input ‘mpedances of Hoth hranches (Zi, o Z, o). The switch wput !
¥ current (I;) and input voltage (v;,) from the generator are calculated from equations :

2.22 and 2.23. The next step is to find the currents and voltages in the on- and off- .
state branches. The input voltage on each branch is equal to the switch input voltage

: (paralleled ports). Current flow in the on- and off-state branches is determined by

current divider method as follows:

0
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L]
’% Iopn = —J———Izmz if; (eqn 4.11)
el inon™ “inoff
log = _g__g_g_lzl Zi ?-Z- (ean 4.12)
inon~ “inofl
= lip-lon

RO :
q:!l:i: where I, is the current flow in switch on-state branch,
%;;EE: I ¢r 1s the current flow in the switch off-state branch,
i':%f*': Zinon is the input impedance of the switch on-state branch and,
s Z;off is the input impedance of the switch off-state branch.
k:: The final step of nodal voltage and current calculation returns to Figure
E::::e 4.12(a). In each branch, starting from the leftmost node, currents and voltages in
"f:’*:‘ adjacent nodes are calculated by equations 2.24 and 2.25. In this step we obtain the
o currents flowing in and out of each particular node, as well as the input and cutput
a3 voltages, leading us to the power calculation as in the next section.
q{ 2. Power Dissipation in the Individual P-I-N Diode
Dk For the calculation of diode power dissipation in each branch of the switch,
::;:5" we create the subroutine named POWER. In this subroutine, the input currents and

h input voltage of each branch are the initial input parameters. These currents together
EE:.. ‘ with input and output voltages of the diode’s node are calculated from equations 2.24
ot and 2.25. Equation 2.26 is used to calculate the diode power dissipation with its
‘:-:..., c'orresponding nodal voltage and current. For tht.e power at 1oac‘l we can use Fhe
‘;v,:'l': rightmost nodal current and voltage (I, V) as inputs to equation 2.27 or using
ﬁ:'::: equation 2.28 with the branch input power minus the total of all power dissipation in
o that branch (include power dissipation in the transmission line sections). The power
;:E‘:'q dissipation in each diode and all the calculated powers are normalized to the power
',::l:. delivered to the load in the switch on-state.
:’E:::. 3. Junction Temperature ‘n the [ndividuai ?-1-N Diode
s The junction temperature of a p-i-n diode is determined by the ambient
:E:?:- temperature of the switch and the power dissipation in the diode itself. The ambient
:." temperature is assumed to be constant at about the room temperature. The power
:EE:::‘ dissipation in the diode is a major factor that causes damage to the semiconductor
AN
R
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devices in the switch. From the calculation of power dissipation - ientioned in previous
section, we can separate the calculation of diode junction temperature into two cases,
CW power dissipation and pulsed power dissipation. In the Fortran program, the
subroutine THERM1 evaluates the junction temperature of the CW-power case, for
the diode mounted on a heat sink. The junction temperature is considered by summing
the ambient temperature and the increment of temperature of the diode caused by the
input CW-power (equation 3.7). The total thermal resistance, jS, of a particular
diode is available from the p-i-n diode specification sheet. For the pulsed input-power
case, tae subroutine THERM?2 is used for evaluating the diode junction temperature
rise. In this case we assume that the input pulse width is small compared with the
thermal time constant, meaning that all the thermal energy is absorbed in the diode,
with no energy spreading out to the surroundings. The junction temperature is
obtained by summing the ambient temperature and the temperature rise of the junction
(equation 3.12), where the temperature rise of the junction is determine by the thermal
capacity of the diode active region (HC), the pulse width in microsecond and the power
dissipation in the diode (equation 3.11). For the switch design problem, the
recommended maximum junction temperature for safe operation is 200°C
[Ref. 10: p.290].

4. An Example and Results of Power Dissipation and Diode Junction Temperature
Evaluation

Appendix D is the listing of two Fortran programs using for the evaluation of
power dissipation and junction temperature in each diode of a single pole single throw
switch, and a single pole double throw switch with one or more diodes. These two
programs, PSPST and PSPDT, are written for general use. The number of diodes in
each branch is an input variable that determines the switch construction (number of
transmission line sections). Diode input parameters can be either diode Q or junction
resistance and junction capacitance. All input parameters can be entered interactively
or in an unformatted input file, and the results of the evaluation are listed in an output
file. As an example of power dissipation and junction temperature in a SPDT.switch
with cour MA-<SPI03 n-ien llodes. we use PSPDT program in Appendix D2 Ur the
evaluaticn. From the specillcuuion sheel, Jdiode MA-4P203 haas v.i5 pF. juinction
capacitance, 1.5 ohms junction resistance and 30°C/watt total thermal resistance. The
value of transmission characteristic impedance and electrical length for each
transmission line section are the optimal component values obtained from
SPDTD.CKT Touchstone circuit file. For a 100 watt CW power SPDT switch
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;1;‘1“;, operating at 10 to 20 GHz frequency range, the results of using PSPDT program are
: 3 listed in Table 9.

TABLE 9

DIODE POWER DISSIPATION AND JUNCTION TEMPERATURE OF
THE 100-WATT CW POWER SWITCH

o ON-STATE OFF-STATE
335;: FRE POWER(watts) TEMP(°C) POWER(watts)  TEMP(°C)
Wt
e (GHz) D, D, D; D, D, D, D, D,
g 10.00 0.814 0.578 394 323 2523 0.002 90.7 15.1
it
._ 1200 1.124 0.832  48.7 40.0 2.653 0.002 946 15.1
\“.
:::?:: 1400 1486 1.133  59.6 489 2770 0.002  98.1 15.1
"; 16.00 1.908 1.479 722 594 2.865 0.002 100.9 15.1
o
o 18.00 2.407 1.872 872 71.2 2932  0.002 1029 15.1
()
vy

20.00 3.003 2311 1041 843 2971 0.002 104.1 15.1
\J
"y
sf§»
Do
.") From the result in Table 9, we realize that most of the switch power is

dissipated in the first diode of each branch, particularly in the switch-off branch. In the
switch on-state the power is shared among the two diodes, with the first one dissipating
more power. For the whole range of frequencies the first diode of the off-state branch

- -
P
b
s 3 A 3 XA

C e
-
&

dominates the power dissipation and undergoes the greatest junction temperature rise.

g The switch can be damaged if the junction temperature exceed its maximum allowable
::.;3 value 1200°C V. In most dicde specification sheets. -he maximum nower dissipation at
» e Tl given ambient temperuiure 3o given nhased on the CWeinput sower 0 the diode.
L2 The CW-input power has more effect in the temperature rise in the diode junction
N N because of the heat accumulated continuously in the junction. For this reason a diode
K- : switch with short-duration input power pulses can handle higher peak powers than for
"‘.)-: CW-input power. For example the MA-4P203 diode has the maximum power handling
UL )
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i:;i‘ capability of 5 watts of CW-input power at 25°C ambient temperature. In Table 9 the
g designed switch has a maximum power dissipation in the diode of about three watts
" and 105°C junction temperature (20°C ambient temperature). The result of Table 9
shows that our switch design is capable to handle a 100-watt input CW power. Figure
<.14 shows the plot of normalized powers to cne watt output power of an individuai "
K diode in both branches.
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¥ V. CONCLUSIONS AND REMARKS

K In microwave switching design. the CAD program (Touchstone) and Fertran .
210

:: programs, are used for evaluating different types of microwave diode switches in order

k. to obtain their estimated switching characteristics. The selected diode Q as a )
N

switching-semiconductor figure of merit can be used as the measure of device switching

- -

effectiveness, as shown in chapter 4. For radar applicaticns, a single pole doubie throw
e, switch with high isolation over a broad operating frequency range is an essential
requirement for all radar systems. An addition of more diodes to the switch can

improve the switch isolation, while increasing the insertion loss. Figures 5.1 and 5.2

2 are plots of the switch insertion loss and isolation for switches with one or more
E diodes. The insertion loss and load isolation in these two figures are produced from the
'N Touchstone circuit file evaluated for the different diode Q values. These two figures
‘ are very useful to the designer selecting the number of diodes to be used for specified
- switch insertion loss and isolation, based on the diode Q value. An appropriate Q value
E is selected to characterize the behavior of this switch. The Fortran program is used to
3! estimate the power handling capability of the designed switch. The resistor in the diode -
equivalent circuit plays an important role in its power dissipation. The value of diode
:-_ Q, from equation 4.1, is a function of both junction capacitance and resistance. One of
N these two values can be set as an arbitrary parameter, meaning that we can select more
: than one diode having the same diode Q value. The problem is to select that p-i-n
diode which can handle the power dissipation of the switch. One suggestion is to select
'S lower diode resistance to avoid too much power dissipation. However this leads to a
:'," trade-off in increased power dissipation in the on-state branch. An example of this is in
:_ the previous chapter; the p-i-n diode model number MA-4P203 has the junction
- resistance of 1.5 ohms and diode Q of 47.15 at 15 GHz, and power dissipation in the
‘_’ on-state branch of the first diode is verv ciose to that of the first diode in the off-state
:‘_J cranca o3 and 237 wattsh nosome switeh appilcations, fis not  Jdesirabie 1o have
:;: heat accumulated in the diode junction at all times (both switching state), which may
cause shorter diode lifetime. If we select a p-i-n diode which has the same diode Q }
;' value but greater junction resistance, for example 2.0 ohms junction resistance, we
,_ obtain 3.478 watts power dissipated in the off-state branch and 1.313 watts in the on-
: state branch. The best way to select the diode for the switch is by using the Fortran
e
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he program to estimate the power dissipation in the first diode of each branch, by fixing
# the diode Q value and varying diode junction resistance and select the satisfactory
K outcome.

Due to the approximate circuit model used for the diode microwave switch
equivalent circuit, the power calculation cannot producz a reliable substitute for

3 measurements in the laboratory. Nonetheless it can reduce the design cost by providing
b initial guide lines to the designer. On the other hand these assumptions reduce the
e complexities of the circuit analysis and are mainly employed in the test of different
.: figures of merit. Improvements for more accurate result can be achieved as follows:

3 1. Using more accurate p-i-n diode equivalent circuit model.

2. Introducing loss in the transmission line sections.
. From the knowledge that the first diode in the off-state branch dominates the

power dissipation, in a switch circuit design for more efficient switch performance, the
: diodes used in the circuit can be differed (not necessarily identical). The one closest to
, the generator should have higher diode Q value (lower junction resistance) in order to
a dissipate less power, allowing the remaining diodes to share the power dissipation.
: This method can reduce the maximum power dissipation that occurs in the first diode
\‘ of the off-state branch, and improve the power handling capability of the switch. We
) still can use the Touchstone circuit file to evaluate the switch performance by making
) some necessary modifications to it. The switch optimal insertion loss and isolation are
§; processed by the optimization mode to obtain the optimal switch circuit component
" values to be used in the power dissipation evaluation with Fortran program.
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SPDT DIODE SWITCH

DIODE Q VS INSERTION LOSS

DIODE Q

Figure 5.1 Switch Insertion Loss vs Diode Q for Multi-diodes Switch.
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DIODE Q VS LOAD ISOLATION
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Figure 5.2 Switch Isolation vs Diode Q for Multi-diodes Switch.
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APPENDIX A
TOUCHSTONE CIRCUIT FILE FOR SPST SWITCH

This appendix provides the listing of two circuit files using in the Touchstone
CAD program for the evaluation switch insertion loss and load isolation for single
pole single throw two-diode switches.

Al. SPSTD.CKT evaluate with diode parameters (Cj' Rj).
A2. SPSTQ.CKT evaluate with diode figure of merit (diode Q).

Al. SPSTD.CKT

SINGLE POLE SINGLE THROW DIODE SWITCH
INSERTION LOSS AND LOAD ISOLATION CALCULATION
INPUT PARAMETERS :

1. JUNCTION CAPACITANCE, CJ

2. JUNCTION RESISTANCE, RJ

3. CENTER FREQUENCY, FO

OUTPUT :

OPTIMIZED TRANSMISSION LINE IMPEDANCE
AND ELECTRICAL LENGTH

MINIMIZED INSERTION LOSS

LOAD ISOLATION

€F o ot 4 oo s ¢ 0 o v o b

..,1__;._._....-.............-._..

INPUT PARAMETERS:
0 =15 ! FREQUENCY IN GHz
CJ = .15 ! JUNCTION CAPACITANCE IN gg
RJ = ! JUNCTION RESISTANCE IN O

= 1.5
! OPTIMIZED TRANSMISSION LINE IMPEDANCE (Ohm)
ZA#30 39.40 90
ZB#30 38.25
! OPTIMIZED TRANSMISSION LINE ELECTRICAL LENGTH(Degree)
EA#30 106.3 0
EB#30 62.70 120
CKT
TLIN 1 2 Z~Z2A E~EA F~FO
DEF2P 1 2 SEGIL
TLIN 1 2 Z~ZB E~EB F~FO
DEF2P 1 2 SEG2

[ andac KX
NTOO

SRC 1 2 R*"RJ C~CJ
DEF2P 1 2 DON
RES 1 2 R™RJ

DEF2P 1 2 DOFF
! ON ST%TE CALCULATION

DEF2P 1 4 LINDON
! OFF STATE CALCULATION
SEGl 1 2
DOFF 2 0
SEG2 2 3
DOFF 3 0
SEGl 3 4
OB%FZP 1 4 LINDOFF
LINDON DB(S21) GR1 ! INSERTION LOSS IN dB
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o TR

b
‘$§ FégNDOFEyDB(SZl) GR1A ! LOAD ISOLATION IN dB
sﬁi Ggw EP 8 22 2 ! FREQUENCY SWEEP FROM 8 TO 22 GHz
&
s GRL -2 0 .25
B GRIA -20 -80
OEENGE 10 20
‘éﬁ LINDON DB(S21)=0 ! MINIMIZE INSERTION LOSS
l‘i

A2. SPSTQ.CKT

ol
8 ! SINGLE POLE SINGLE THROW DIODE SWITCH
st 1! INSERTION LOSS AND LOAD ISOLATION CALCULATION
o 11 INPUT PARAMETERS :
! 11 1. JUNCTION CAPACITANCE, CJ
BN 11 2. FIGURE OF MERIT (DIODE Q),Q
11 3. CENTER FREQUENCY, FO
1! OUTPUT :
o 1! OPTIMIZED TRANSMISSION LINE IMPEDANCE
b TR k.
X !
e '| LOAD ISOLATION
i AR INPUT PARAMETERS :
QY !
! FO = 15 | FREQUENCY IN GHz
- cJ = .15 ! JUNCTION CAPACITANCE IN pF
o Q =10 ! FIGURE OF MERIT (DIODE ?
ﬁJ éAgggrggzgg TgANSMISSION LINE IMPEDANCE (Ohm
RN
a3 ZB#30 37.30 90
& | OPTIMIZED TRANSMISSION LINE ELECTRICAL LENGTH(Degree)
o} EA#30 108.3 120
E53330 58.7 120
fé %J = 1000/ (2*PI*FO*CJI*Q) ! JUNCTION RESISTANCE CALCULATION
i CKT _
£ TLIN 1 2 ZAZA EAEA FAFO
b DEF2P 1 2 SEG1
Y TLIN 1 2 27ZB E~EB FAFO
B SRCT 3 BRI ency
3
! DEF2P 1 2 DON
W RES 1 2 RARJ
! DEF2P 1 2 DOFF
(ﬁf ésg¥ ?T%TE CALCULATION
o
K
Wy DON 2 0
N SEGL 3 4
T, DEF2P 1 4 LINDON
o ! OFF STATE CALCULATION
i SEGL 1 2
A JOFF 2 2
e 5232 2 3
_ SEc 3 4
i LDEFZP 174 LINDOF
o't
el LINDON DBéSZlg GR1 ! INSERTION LOSS IN dB
! LINDOFF DB(S21) GR1A ! LOAD ISOLATION IN dB
e FREQUENCY
i SWEEP 8 22 2 ! FREQUENCY SWEEP FROM 8 TO 22 GHz
! GRID ' FREQ
g- GRl -2 0 .25
o 73
A5
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GR1A -20 -80

OPT
RANGE 10 20
LINDON DB(S21) = 0 ! MINIMIZE INSERTION LOSS

",
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;‘é: APPENDIX B
A TOUCHSTONE CIRCUIT FILE FOR SPDT SWITCH
a"i . . . . . . . . .
;&’ This appendix provides the listing of two circuit files using in the Touchstone
L}
:% CAD program for the evaluation switch insertion loss and load isolation for single
o pole double throw four-diode switches.
i‘f': B1l. SPDTD.CKT evaluate with the diode parameters (Cj, Rj).
:::: B2. SPDTQ.CKT evaluate with diode figure of merit (diode Q).
"‘
p A Bl. SPDTD.CKT
:ﬁ‘ !1 SINGLE POLE DOUBLE THROW DIODE SWITCH
i !t INSERTION LOSS AND LOAD ISOLATION CALCULATION
) !t INPUT PARAMETERS :
; 11 1. JUNCTION CAPACITANCE, CJ
“‘ 11 2., JUNCTION RESISTANCE, RJ
B 1! 3. CENTER FREQUENCY, FO
i !l 4. TERMINAL LOAD
gt 1t OUTPUT :
% 1! OPTIMIZED TRANSMISSION LINE IMPEDANCE
L 1! AND ELECTRICAL LENGTH
3 {1 MINIMIZED INSERTION LOSS
Y !! LOAD ISOLATION
W VAR
A | INPUT PARAMETERS:
FO = 15 { FREQUENCY IN GHz
e CJ = .1 ! JUNCTION CAPACITANCE IN pF
Ry RJ = 1.5 ! JUNCTION RESISTANCE IN O
\“{ RR = 50 ! TERMINAL LOAD IN Ohm
‘59 ! OPTIMIZED TRANSMISSION LINE IMPEDANCE (Ohm)
4 ZAH#30 46.56 90
O ZB#30 39.06 90
vt | OPTIMIZED TRANSMISSION LINE ELECTRICAL LENGTH(Degree)
J EA#30 93.58 120
nt EB#30 32.82 120
» CKT
o TLIN 1 2 Z~ZA E~EA F~FO
" DEF2P 1 2 SEGL
TLIN 1 2 Z~ZB E~EB F~FO
, DEF2P 1 2 SEG2
* SRC 1 2 R*RJ C~CJ
- DEFZ2P 1 2 DON
) RES 1 2 R™"RJ
they DEF2P 1 2 DOFF
: t_ON STATE 3RANCH
19 35§L7‘w*
W PP
e DL 2 <
DON 3 O
SEGL 3 4
> ! OFF STATE BRANCH
" SEGL 1 5
i DOFF 5 0
3 SEG2 5 6
3 DOYF 6 0
VY SEGL1 6 7
! DEFINE 3 PORTS SWITCH
o DEFSP 1 4 7 SWITCH
»
e 75
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SWITCH 1
RES 3 0
DEFZP 1
SWITCH 1
RES 2 0
DEF2P 1
ouT
SWON DB
SWOFF OB
FREQUENCY
SWEEP 8
GRID
GR1 -2 O

2
RA
2 S

2
RA
3
(32
2

S2
52
2

3

WON

3

RR

SWOFF

GR1

/ GR1lA

2

.25
-80

GR1A -20
OPT

EON
& -

RANGE 10 20
LINDON DB(S21)=0

! INSERTION LOSS SWITCH ON STATE
! LOAD ISOLATION SWITCH OFF STATE

! INSERTION LOSS IN dB
! LOAD ISOLATION IN dB

! FREQUENCY SWEEP FROM 8 TO 22 GHz

! MINIMIZE INSERTION LOSS

B2. SPDTQ.CKT

11 SINGLE POLE DOUBLE THROW DIODE SWITCH
!t INSERTION LOSS AND LOAD ISOLATION CALCULATION
It INPUT PARAMETERS :

11 1.
1 2.
3.
4. TERMINAL LOAD,
OUTPUT :

LOAD ISOLATION

! INng PARAMETERS :
.20
100

50

! OPTIMIZED
ZA#30 36.66 90
ZB#30 37.30 90
! OPTIMIZED
EA#30 108.3
EB#30 58.7

%a-—.—n-.-—..-n—-.

120
120

TLIN 1 2 Z2~ZA E~EA
DEF2P 1 2 SEG1
TLIN 1 2 Z~ZB E~EB
DEF2P 2 SEG2

SRC 1L RARJ 2ACT
JEF2P 2 20N

3:: ~ IAN27
DEF2P 2

! ON STATE BRANCH
SEG1 1 2

DON 2 O

SEGZ 2 3

DON 3 0

SEGl 3 4

| OFF STATE BRANCH
SEG1 1 5

DOFF 5 0

SEG2 5 6

[N S TN N T

y--

\ “. -
L SRR

1000/ (2*PI*FO*CJ*Q)

JUNCTION CAPACITANCE, CJ
FIGURE OF MERIT (DIODE Q).9
CENTER FREQUENCY, FO

RR

OPTIMIZED TRANSMISSION LINE IMPEDANCE
AND ELECTRICAL LENGTH
MINIMIZED INSERTION LOSS

I FREQUENCY IN GHz

! JUNCTION CAPACITANCE IN pF
! FIGURE OF MERIT (DIODE Qg
! TERMINAL LOAD IN O

TRANSMISSION LINE IMPEDANCE (Ohm)

TRANSMISSION LINE ELECTRICAL LENGTH (Degree)

! JUNCTION RESISTANCE -CALCULATION
FAFOQ
FAFO
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1] DOFF 6 0

4 SEGL 6 7
M ! DEFINE 3 PORTS SWITCH
o DEF3P 1 4 7 SWITCH
g

DEF2P 1 2 SWON ! INSERTION LOSS SWITCH ON STATE
R RES S 0 RARR
A A
. og%FZP 1 3 SWOFF ! LOAD ISOLATION SWITCH OFF STATE
Y SWON 935521; GR1 ! INSERTION LOSS IN dB
S I Fggoggﬁgg S21) GRIA ! LOAD ISOLATION IN dB
B G§¥DEP 8 22 2 ! FREQUENCY SWEEP FROM 8 TO 22 GHz
4 GR1 =2 0 .25
: GR1A -20 -80
K ORANGE 10 20
R LINDON DB(S21) = 0 ! MINIMIZE INSERTION LOSS
.
]
)
o
g
5
P
L)
R
3
o
R
"
td
‘ L}
:
o
u
g
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APPENDIX C
TOUCHSTONE CIRCUIT FILE FOR NODAL VOLTAGE EVALUATION

e o e e W B

This appendix provides the listing of two circuit flles using in the Touchstone

! CAD program for the evaluation of nodal voltages by using voltage-controlled voltage

h source circuit model for single pole single throw two-diode switches and single pole
double throw four-diode switches.

Cl1. SPSTV.CKT single pole single throw nodal voltage evaluation
C2. SPDTV.CKT single pole double throw nodal voltage evaluation

C1. SPSTD.CKT

SINGLE POLE SINGLE THROW DIODE SWITCH
NODAL VOLTAGE CALCULATION USING VOLTAGE-CONTROLED VOLTAGE SOURCE
INPUT PARAMETERS :
JUNCTION CAPACITANCE, CJ
. JUNCTION RESISTANCE, RJ
. CENTER FREQUENCY, FO
. TERMINAL LOAD IMPEDANCE, RR
. TRANSMISSION LINE IMPEDANCE ZA, ZB
OUnggNSMISSION LINE ELECTRICAL LENGTH EA, EB
NORMALIZED NODAL VOLTAGE OF THE INTERESTED NODE

O
P
ONUI-PU)I\H—'

R
INPUT PARAMETERS :

FO = 15 | FREQUENCY IN GHz

CJ = .15 | JUNCTION CAPACITANCE IN p

RJ = 1.5 | JUNCTION RESISTANCE IN Ohm
» RR = 50 ! TERMINAL LOAD IMPEDANCE IN Ohm
2 ! TRANSMISSION LINE IMPEDANCE(Ohm)
. Zh = 36.66

ZB = 37.30

! TRANSMISSION LINE ELECTRICAL LENGTH(Degree)
‘ EA = 108.3
5 EB = 58.7

CKT

TLIN 1 2 Z~ZA E~EA F~FO
DEF2P 1 2 SEGL
TLIN 1 2 Z~AZB E~EB F~F0O
DEF2P 1 2 SEG2
CAP 1 2 C~CJ
DEF2P DCJ
RES 1 2 R*RJ
o DEF2P 1 2 DRJ
©ooN ST }.n <allULATION

.- >

R o

-
]

--------------------
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! OFF STATE CALCULATION
SEG1 11 12

DRJ 12 0O

SEG2 12 13

DRJ 13 0

SEG1 13 14

RES 14 Q0 R*RR

VCVs 14 17 0 0 M=-.5 A=0 R1=1E8 R2=0Q F=0 T=0
VCVS 12 18 0 0 M=-.5 A=0Q R1=1E8 R2=0 F=0 T=0
VCVS 13 19 0 0 M=-.5 A=0 Ri=lE8 R2=0 F=0 T=0
08%F4P 11 17 18 19 0OUTV2
! NORMALIZED NODAL VOLTAGE
OUTV1 MAG(S21) GR1
OUTV1 MAG(S31) GR1A
OUTV1 MAG(S41) GRlA
QUTVZ MAG(S21) GR2
OUTVZ MAG(S31) GR1A
OUTVZ MAG(S41l) GR2
FREQUENCY
Gé?DEP 8 22 2 { FREQUENCY SWEEP FROM 8 TO 22 GHz
RANGE 8 22 2
GR1 0 .5 1
GR1A 0 .15 .3
GR2 0 .001 .0001

C2. SPDTV.CKT

SINGLE POLE DOUBLE THROW DIODE SWITCH

NODAL VOLTAGE CALCULATION USING VOLTAGE-CONTROLED VOLTAGE SOURCE
INPUT PARAMETERS :

1. JUNCTION CAPACITANCE, CJ

2. JUNCTION RESISTANCE, RJ

3. CENTER FREQUENCY, FO

4. TERMINAL LOAD IMPEDANCE, RR

5. TRANSMISSION LINE IMPEDANCE, ZA, ZB

gﬁTEE%NSMISSION LINE ELECTRICAL LENGTH, EA, EB

NORMALIZED NODAL VOLTAGE OF THE INTERESTED NODE

<.-....—.-.—.<-—~.-.-..—
,.“__3,._...._..._.—.-.--.—.-..

R
INPUT PARAMETERS:
0 =15 ! FREQUENCY IN GHz
CJ = .20 ! JUNCTION CAPACITANCE IN pF
RI = 1.5 ! JUNCTION RESISTANCE IN O
RR = 50 ! TERMINAL LOAD IMPEDANCE IN Ohm
! TRANSMISSION LINE IMPEDANCE (Ohm)
ZA = 35.90
ZB = 47.36
! TRANSMISSION LINE ELZCTRICAL LENGTH(Degree)
a = l‘l-_
..3 = J "' . ,‘
SO,
TLIN 12 ZAZA EAEA F~FO
DEF2P 1 2 SE

TLIN 1 2 Z“ZB E~EB FAFO
DEF2P 1 2 SEG2

CAP 1 2 C~CJ

DEF2P DCJ

RES 1 2 RARJ

DEF2P 1 2 DRJ

! ON STATE CALCULATION
SEGL 1 2

79




! OFF STATE CALCULATION
SEGL 1 5
DRJ 5 0
SEG2 5 6

0T
0T
07T

VCVS 4 10 0 0 M=-.5 A=0 RI=1E8 R2=Q F

VCVS 8 11 0 0 M=-.5 A=) R1=1E8 R2=Q F

VCVS 5 12 0 0 M=-.5 A=0 R1=1E8 R2=0 F
OB%F4P 110 11 12 OUTV1

! NORMALIZED NODAL VOLTAGE

OUTV1 MAG{SZIE GR1

0
0
0

OUTV1 MAG(S31) GRI1A
OUTV1 MAG(S41l) GRla

FREQUENCY

G§¥DEP 8 22 2 ! FREQUENCY SWEEP FROM 8 TO 22 GHz

80

|
R




)
Y

g LN A
"l’;._l‘.r;‘\!{l’jh o

APPENDIX D

FORTRAN PROGRAM F IODE POWER AND HEATING
"EALETRRORS

This appendix provides the listing of two Fortran programs written for the
evaluation of power dissipation and junction temperature in the individual diode of the
single pole single throw and single pole double diode switches.

D1. PSPST diode power dissipation and junction temperature of a single pole
single throw diode switch.

D2. PSPDT diode power dissipation and junction temperature of a single pole
double throw diode switch.

D1. PSPST

CHARACTER*1 ANSWER
CHARACTER*13 FILE
CHARACTER*3 SELECT
CHARACTER™1 TYPE
INTEGER I,NPORT
REAL TA,TR, HC, TJONE
REAL*8 FRE ,CJ ,EL
REAL*8 PDON 10) PDO
COMPLEX*16 VIN,ZOUT
COMPLEX*16 ILOFF VL

COMPLEX*16 GPI(2 ,20),6N1(2,2,20),6N(2,2,20)
COMPLEX*16 IDON(105

IDOFFglO) VDON(10)
COMPLEX*16 VDOFF (10
OPEN(UNIT=2,FILE="'OUTPUT')
PI = 3.1415926536
5 WRITE%S *§'POWER DISSIPATION AND JUNCTION TEMPERATURE EVALUATION'

IOg,TJOFF 10),DT
10),RR,PI,PIN,PON,POFF,PLON,PLOFF

FFEIO% AMP VDONM PEX

2{10),ZINON, ZINOFF ZIN,IIN,ION,IOFF,ILON,VLON
gg,VON ,VOFF ,V§,ZS§

~~ DN O~

WRITE(6,*) 'OF SPST DIODE SWITCH '
WR&%%‘E *) 1 'PRESS ANY KEY AND RETURN" TO CONTINUE,"Q AND RETURN"TO
AD(S 10;ANSWER
10 FORMAT(AI
IF (ANSWER. Eg g oP
WRITE(6,*) 'ENT R'O“TO READ INPUT FROM FILE,"1"TO ENTER INPUTS INTE
*RACTIVELY
READ(5, * )NUM
IFgN "NE.O.AND.NUM.NE.1) GOTO 5
.EQ.0)THEN

é»c
L]
';r'n(nnlz

20 L8R

Q.0 THEN
;gé§§rsn THE NAME OF INPUT FILE'
UNIT=1,FILE=FILE)

15 FORMAT (A13)

IF(NUM. Eg .1)THEN

20 WRITE(B, '"WHAT TYPE OF INPUT SIGNAL "PULSE" OR '"CW" ? !
WRITE(6,*)'FOR "PULSE" INPUT ENTER "P" '
WRITE(6,*)'FOR "CW" INPUT ENTER "C" !
WRITE(6,*)'DO NOT EVALUATE JUNCTION TEMPERATURE ENTER "N" ‘!
81
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3 ‘ READ (MN, 11)TYPE

! 25 FORMAT (A1)

) 1F(TYPE.NE.'P' ,AND.TYPE.NE.'C'.AND.TYPE.NE.'N')GOTO 20

X IF(TYPE.EQ.'N" GOTO 30

= IF(TYPE.EJ.'C' )THEN
IF(NUM. Eg .1)WRITE(6,*)'ENTER AMBIENT TEMPERATURE (DEGREE C)'
READ(MN,

TA
IF(NUM.EQ. l‘WRIT (6,*%)'TOTAL THERMAL RESISTANCE (DECREE C/WATT)'
RE%D(MN ,*)IR

égAg%gNEg 1%WRITE(6 ,*) 'ENTER AMBIENT TEMPERATURE (DEGREE C)'
: IF(NUM.EQ.1)WRITE(6,*) 'ENTER THERMAL CAPACITY OF OF I-REGION (MICR
*Q- JOULE/DEGREE o)

P Tl Y ey

2t M i MY

oA

Y W A XA

M READ (MN, *)HC
IF (NUM. Eg 1)WRITE(o,*)'ENTER THE PULSE DURATION (MICRO-SECOND)°
READ(MN,
W) ENDIF
. 30 IF (NUM. Eg 1)THEN
e, WRITEé ;'IS THIS EVALUATION USE THE FIGURE OF MERIT,DIODE Q'
gﬁgTE 6,*)'ANSWER "YES'" OR "NO"'
W READ (MN, 35)SELECT
e 35 FORMAT (A3)
,5 IF(SELECT.NE.'YES'.AND.SELECT.NE. 'NO')GOTO 30
4 IF({SELECT. E? IYES' )THEN
. ﬁF N?M EQ)l WRITE(G *) 'ENTER THE VALUE OF DIODE Q '
{4
N IF(NUM.EQ. l)WRITE(G *) 'ENTER THE VALUE OF JUNCTION CAPACITANCE (PF)
o READ (MN, *)CJ
- IF(NUM.EQ, l)WRITE(6 *) 'ENTER THE EVALUATE FREQUENCY (GHZ)'
S READ(MN, ¥ ) FRE
3 RR = 1000/ (2*PI*FRE*Q*CJ)
WA *IF(NUM.EQ.I)WRITE(e,*)'ENTER THE VALUE OF JUNCTION CAPACITANCE (PF) .
. READ(MN, *)CJ
v+ ég&g?gNﬁg 1)WRITE(6 *) 'ENTER THE EVALUATE FREQUENCY (GHZ)' .
'f; L LF(NUM.EQ. l\WRITE(G *) 'ENTER THE VALUE OF JUNCTION RESISTANCE (OHM
4
) READ( *)RR
A = 1000/ (2*PI*FRE*RR*CJ)
) NDIF
&Y VS = 0)
oo zs = (50,0)
X égég%m Eg)é%WRITE(6 ,*)'"ENTER NUMBER OF DIODES IN EACH BRANCH'
;j §§£g?§NEg 1)WRITE(6 *) 'ENTER THE EXPECT POWER AT LOAD (WATT)'
b IF (NUM.EQ. 1)WRITE(6 *) '"ENTER THE OUTPUT IMPEDANCE (COMPLEX)'
READ(MN *)ZOUT
W NSEG = ND+1
DO 40 I =1,NSEG
: IF(NUM.EQ.1)WRITE(6 *): rRANSMISSION SEGMENT NUMBER' T
o IT/NUM.IQ.1LWRITT(S. %) 'INTER IMPEDANCI OF TRANSMISSION LIME CCMPT
L BN
> REéa(uN JZ(I)
= IF(NUM.EQ,.1)WRITE(6,*)'ENTER ELECTRICAL LENGTH (DEGREE)'
READ (MN, )EL(I)
e EL(I) = EL(I)*PI/180 4
» 40 CONTINUE
- NPORT = ND+NSEG
. C ON STATE CALCULATION
CALL MATRIX(RR,CJ,Z,EL,NSEG,ND,FRE,GP(1,1,1))
" DO 45 K =1,NPORT
" 82
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o
e, IF§K.E?.1 THEN
R GpI(1,1,1) = 6P u,l,l)
[ GPI(1,2,1) = GP(1,2,1
N GPI(2,1,1) = GP(2,1,1
i GPI(2,2,1) = GP(2,2.1
& ELSE
CALL MATMUL(GPI(1,1,K-1),GP(1,1,K),2,2,2,GPI(1,1,K))
o ENDIF
\ 45 CONTINUE ,
) ZINON = (GPI(1l,1,NPORT)*ZOUT+GPI(1,2,NPORT))/(GPI(2,1,NPORT)*ZOUT
. #+GPI(2,2,NPORT))
Y o OFF STATE CALCULATION
. CALL MATRIX(RR,0.DO,Z,EL,NSEG,ND,FRE,GN(1,1,1))
P DO 50 N =1, NPORT
Dt IF(N.EQ.1)THEN
R GNI 1,1,1) = GN(1,1,1
N GNI(1,2,1) = GN(1,2,1
B GNI(2,1,1) = GN(2,1,1
K g§§52’2’1 = GN(2,2,1
. CALL MATMUL(GNI(1,1,N-1),GN(1,1,N),2,2,2,GNI(1,1,N))
iy ENDIF
N 50 CONTINUE
0 ZINOFF =(GNI(1,1,NPORT)*ZOUT+GNI(1,2,NPORT))/(GNI(2,1,NPORT)*ZOUT
708 #+GNI(2,2,NPORT))
23
W
o ON-OFF STATE
: VON = ZINON*VS/(ZINON+VS)
. ICN = VON/ZINON
N VOFF = ZINOFF*VS/(ZINOFF+VS)
S I0FF = VOFF/Z NOFF
, PON = S*REALSVON*DCONJG(ION))
) POFF = 0.5*REAL (VOFF*DCONJG(IOFF))
ILON = GPIE ,1,NPORT)*ION- GPIEZ,I, NPORT ) *VON
VLON = GPI NPORT ) *VON-GPI(1,2,NPORT )*ION
Y PLON = PON-0. S*REAL(VON*DCONJG(IO N) ~VLON*DCONJG (ILON) )
o) AMP = PEX/PLON
oy WRITE(2,55) FRE
Y WRITE(2,60 3
o WRITE(2,65) ND
g WRITE(2,70) CJ
i WRITE(2,75) RR
A WRITE(2,85) PON*AMP
I WRITE(2,90) POFF*AMP
e WRITE(2,95 PLON*AMP
o ILOFF = GNI 21 NPORTg*IOFF GNI22 l,NPORT;*VOFF
2 VLOFF = GNI(2,2,NPORT)*VOFF-GNI(1,2,NPORT)*IOFF
PLOFF = POFF-0.5*REAL(VOFF*DCONJG{IOFF)- VLOFF*DCONJG(ILOFF))
y WRITE(2,100 ) PLOFF*AMP
it 55 FORMAT (' ', {OPERATING FREQUENCY',3X,F5.2,2X,'GHZ')
_ 60 FORMAT(' ', 'FIGURE OF MERIT (DIODE 3) 3x F8.3)
N 65 FORMAT(' ','TOTAL NUMBER OF DIODE IN EACH BRANCH' zx 12
e 70 FORMAT(' ','DIODE JUNCTION CAPACITANCE',3X,F5.3,2%X,'PF!
& 75 TORMAT(' ') 'DIODE JUNCTION RESISTANCE', 3X.55.3, vx Fom S
W 35 FORMAT!® ', 'POWER IN 2 STATE ',2K,710.2,3%, WATTS': i
oy 30 TORVAT/ L DCWER IN JFF STATI X F10.3. 3% watTar:
! 33 FORMAT{' ', 'POWER DELIVER IO THE LOAD IN ON 5TATE',Fi0.Z,3X, 'WATTS

*

s 100 *g?§MAT(' ','POWER DELIVER TO THE LOAD IN OFF STATE',F10.6,3X, 'WATT
o

':, C POWER DISSIPATED IN ON STATE BRANCH

:$ CALL POWER(GP(]. 1, l) ION,VON,NPORT,PDON, IDON,VDON)
& ggI'{géZ *) 'SOWER D%SSIPATION IN DIODE ON STATE'

N WRITE(2, 115)1/2 PDON(I)*AMP
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oy 105  CONTINUE

1y C POWER DISSIPATED IN OFF STATE BRANCH

N CALL POWER(GN(1l,1,1),IOFF,VOFF 6 NPORT,PDOFF, IDOFF,6VDOFF)

! WRITE(2,*) ‘POWER DISSIPATION IN DIODE OFF STATE'

DO 110 J = 2,2*ND,2

WRITE(2,115)J/2,PDOFF(J)*AMP

CONTINUE

_éC?HAT(‘ ', 'POWER DISSIPATED IN DIODE NO.',1X,I2,2X,F10.5,2X, 'WATT ‘
s =S

JUNCTION TEMPERATURE CALCULATION
JUNCTION TEMPERATURE IN ON STATE BRANCH .
¢ IFéTYPE.EQ.‘N' STOP
IF(TYPE.EQ.'C')THEN
o Eié% THERM1 (ND,TJON ,PDON,AMP,TA,TR)
v CALL THERM2(ND,TJON,PDON,AMP,TA,DT,HC)
) ENDIF

Y WRITE(2,*)'JUNCTION TEMPERATURE ON STATE BRANCH'
' DO 120 I = 1,ND

WRITE(2,82)I,TJON(I)

120 CONTINUE

X c JUNCTION TEMPERATURE IN OFF STATE BRANCH
¢ WRITE(2,*)'JUNCTION TEMPERATURE OFF STATE BRANCH'
IF(TYPE.EQ.'C')THEN
CALL THERM1(ND,TJOFF,PDOFF,AMP,TA,TR)

ELSE

CALL THERM2(ND,TJOFF,PDOFF,AMP,TA,DT,HC)

ENDIF .

- DO 125 J = 1,ND

4 WRITE(2,130)J, TJOFF(J)

o 125  CONTINUE

3 130 *Egag§§(' ', 1 JUNCTION TEMPERATURE DIODE NO.',2X,I2,2X,F6.2,2X, 'DEGR

5 STOP

" END -

-
>
wo

a0

c SUBROUTINE MATRIX
SUBROQUTINE MATRIX(RR,CJ,Z,EL,NSEG,ND,FRE,GP) -
REAL*8 RR,CJ,EL(10),FRE,PI

}* COMPLEX*16 ZglO),Zl

¥ COMPLEX*16 G(2,2,20),G61(2,2,20),GP(2,2,20)

x PI = 3.1415926536

DO 10 K = 1,NSEG
- G(1,1,K) = BCMPLR(COS(EL(K)) 0,D0)
\ G(1,2.K) = DCMPLX(0.DO,1. *z§xg DCMPLXSSINgaLgxg;,o.Dog
gt G(2.1,K) = DCMPLX(0.DO,1.D0)/Z{K)*DCMPLX(SIN(EL(K)),0.DO
: G(2/2.K) = G(1,1,K)
1 10 CONTINUE
R, DO 20 L=1,ND
0 IF(CJ.E%.O.DO)THEN
Z1 = DCMPLX(RR,0.D0)

V ELSE
i Z1 = DCMPLX(RR,-1000/(2*PT*FRE*CJ))
- SNDIF
i 31(2.1,2) = DCMPLX(1.D0,3.D0)
o 510103720 = 2CMPLE(0.20.3.00]
o Gi{2.1,L,= 1/2]
' G5! 2°L) ="61(1,1,L)

20 CONTINUE
o DO 30 M =1,NSEG y
N N = 2*M-1
o GP(1,1,N) = G(1,1,M
! GP({1.2.N) = G(1.2.M
, GP(2.1.N) = G(2,1.M )
o GP(22.N) = G{2,2.M
t 30 CONTINUE
_ DO 40 I =1,ND
+
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K
4 J = 2%T
31 GP(1,1,J) = G1(1,1,1I
o Gp{1.2.3} = G1(1.2.1
v GP(2.1.3) = G1(2.1.1
¢ GP(2,2,7) = G1(2,2,1

40 CONTINUE

RETURN

o
3
=z
o

SUBROUTINE MATMUL
SUBROUTINE MATMUL(AA BB,NN,MM,RR,CC)
INTEGER NN,MM
COMPLEX*16 AA(Z 2,1),BB(2,2,1),cc(2,2,1)
DO 10 I = l,gg

m
)

TS
0

"
Sl

k"
a
Qo
onNno
~
wrHN
o~ O
(=]
~ 4
—
]

cc(I,J,1
30 CONTINUE
20 CONTINUE
10 CONTINUE
RETURN
END

c(1,J3,1) + AA(I,K,1)*BB(K,J,1)

T

-

Srncie

SUBROUTINE POWER

SUBROUTINE POWER(G 1,V,N,PD,IID,VID)

REAL*8 P é

COMPLEX*18 G(2,2,20),V,I,IID(20),VID(20),I0D(20),VOD(2J)
DO 10 J=2,N, ;*v

IID i,1,3- lg*I - 622 1,
VID(J 2,2,3-1)*V - G(1
IoD JE é g *VIDSJ;

;*IID Séfl
voD(J *VID§J§ G(1,2
J6(11D(3))- VOD(J)*DCONJG(IOD(J)))

S
o
0

i

Lt !

-
-l g -

WOQOQO

1

2'2

PD(J) S*REAL(VID *DCON

1 = 10D(J

a v = voD(J

, 10 CONTINUE

RETURN
END

- - -
i

-

_ c SUBROUTINE THERM1
" SUBROUTINE THERMI1(ND,TJ,PD,AMP,TA,TR)
> INTEGER ND
n REAL TJ(10),AMP,TA,TR
04 REAL*8 PD(10)
g DO 5 I=1,ND
o TI(I) = TA + (PD(I*2)*AMP)*TR
5 CONT INUE
RETURN
END

.%"

...
(9]

SUBROUTINE THERM2
SUBROUTINE THERM2(ND,IJ,?D,AMP,TA,DT,HC)
INTEGER ND
REAL TJ(10),AMP,TA,DT, HC
REAL*8 PD(lO)
DO 5 J ND
TI(J) = TA + (PD(J*2)*AMP)*DT/HC
CONTINUE
RETURN
END
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CHARACTER*1 ANSWER
CHARACTER*13 FILE
CHARACTER*3 SELECT
CHARACTER*1 TYPE
INTEGER I,NPORT
REAL TA,TR,HC,TJON log,TJOFF(lo),DT
= REAL*S FRE.Q,CJ,EL{10).RR,PI,PIN PON,POFF,PLON,PLOFF
REAL*8 PDON{10), Pnopsﬁlog ' AMP, VDONM, PEX
COMPLEX*16 VIN,ZOUT,Z{10),ZINON, ZINOFF ZIN,IIN,ION,IOFF,ILON,VLON
COMPLEX*16 ILOFF, VLOFF VON, VOFF
COMPLEX*16 GPI(2.2,20), Gpg $20), GNI(Z 2,20),GN(2,2,20)
" COMPLEX*16 IDON(105 IDOFF(10) . VDON(10)
COMPLEX*16 VDOFF (10}
OPEN(UNIT‘Z FILE-'OUTPUT')

-

N J-J.-"

; PI = 3.1415926536
> 5 WRITE 6 *) 'POWER DISSIPATION AND JUNCTION TEMPERATURE EVALUATION'
R WRITE(6,*)'OF SPDT DIODE SWITCH '
. *WR§§§.6 %) 1PRESS ANY KEY AND RETURN" TO CONTINUE,"Q AND RETURN"TO

Y

n AD(5,10)ANSWER

: 10 FORMAT(AI

< IF (ANSWER. Eg 8 )STOP

2 WRITE(6,*)'ENTER"0"TO READ INPUT FROM FILE,"1"TO ENTER INPUTS INTE

~ *RACTIVELY

> READ (5, *)NUM
: IF&NUM .NE.O.AND.NUM.NE.1) GOTO 5
e IF(NUM.EQ.O0)THEN
N MN =1 *

ELSE

. MN = 5
; ENDIF
& IF(NUM.EQ.O)THEN .
o WRITE(6,%*)'ENTER THE NAME OF INPUT FILE'

- READg ,15)FILE
N OPEN(UNIT=1,FILE=FILE)

b ‘ 15 FORMAT(213)

N ENDIF

o IF (NUM. 52 ) THEN

20 WRITE 'WHAT TYPE OF INPUT SIGNAL "PULSE" OR "“CW" ? !

N WRITE(6,*)'FOR "PULSE" INPUT ENTER "P" !

o, WRITE 6 %) 1FOR "CW' INPUT ENTER "C" '

s ggg;g 6.*)'DO NOT EVALUATE JUNCTION TEMPERATURE ENTER "N '

W READ (MN,11)TYPE

25 FORMAT (A1)

o IF(TYPE.NE.'P' .AND.TYPE.NE.'C' .AND.TYPE.NE. 'N')GOTO 20

\ IF(TYPE.EQ. ‘N'zGOTO 30
’1 IF/TYoC, EQ.""’ TUEN
Q& %gfguw z \“NRITE(O <) 'ENTER AMBIENT TEMPERATURE /DEGREE I}

ADCAN, R TA

o I7(NUM. ag l)hRI;E(b %) 'TOTAL THERMAL RESISTANCE (DEGREE C/WATT)'
: seagtni s Y
9§ égAg%M Eg I)WRITE(G *) 'ENTER AMBIENT TEMPERATURE (DEGREE C)' ‘

W IF (NUM. EQ 1)WRITE(6 *) 'ENTER THERMAL CAPACITY OF OF I-REGION (MICR
138 *Q- JOULE/DEGREE c)'
“[’ READ (MN, *)HC
" IF (NUM. EQ 1)WRITE(6,*) 'ENTER THE PULSE DURATION (MICRO-SECOND)'
y Reapgr. ot

Ry PR
o. X 13400 Fy 0 Tt
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35

40

45

S

TS T TN TR TR TTR TR TIRTALE TiW "7 7 e T TR T 7w e e e e m = o e s m =

IF (NUM. Eg .1)THEN

WRITE& ;'IS THIS EVALUATION USE THE FIGURE OF MERIT,DIODE Q'
gﬁng 6,%)'ANSWER "YES" OR "NO"!

READ(MN 35)SELECT
FORMAT (A3)

IF(SELECT.NE.'YES' .AND.SELECT.NE. 'NO')GOTO 30

IF(SELECT.EQ. 'YES')THEN

IF(NUM.EQ.L WRITE(6,~) ' INTER THE VALUE OF DICDE Q '

READ (MN, *)Q

égég%gNEQ)l)WRITE(G ,*)'ENTER THE VALUE OF JUNCTION CAPACITANCE (PF)
* 1

IF(NUM. (EQ:1 1)WRITE(6 *) 'ENTER THE EVALUATE FREQUENCY (GHZ)'
READ(MN FRE ,

RR = 1000/ (2*PI*FRE*Q*CJ)

. IF(NUM.EQ.1)WRITE(6 , *) 'ENTER THE VALUE OF JUNCTION CAPACITANCE (PF)

READ(MN *)CJ
égﬁg?gNEQ)%)gRITE(G ,*) 'ENTER THE EVALUATE FREQUENCY (GHZ)'
x
IF(NUM EQ.1)WRITE(6,*) 'ENTER THE VALUE OF JUNCTION RESISTANCE (OHM

READ(MN *)RR
g = lOOO/(Z*PI*FRE*RR*CJ)
NDIF

i 10,
éggg?ﬂ Eg IBWRITE(G ,*) '"ENTER NUMBER OF DIODES IN EACH BRANCH'
ég&g?ﬁNEg 1)¥RITE(6 ,*) 'ENTER THE EXPECT POWER AT LOAD (WATT)'
IF(NUM. Eg .1)WRITE(6,%*)'ENTER THE OUTPUT IMPEDANCE (COMPLEX)'
READ(MN ZOU
NSEG

040 I =1 NSEG
IFgNUM .E l;WRITEEB *g‘TRANSMISSION SEGMENT NUMBER',
I§ NUM.EQ.1)WRITE(6,*)'ENTER IMPEDANCE OF TRANSMISSION LINE (COMPL

READ(MN,*)Z(I)

IF(NUM.EQ, l)WRITE(G,*)'ENTER ELECTRICAL LENGTH (DEGREE)'
READ (MN, *) L(I)

EL(I) EE (1)*P1/180

NPORT ND+NSEG

ON STATE CALCULATION

CALL MATRIX(RR,CJ,Z,EL,NSEG,ND,FRE,GP(1,1,1))
DO 45 K =1,NPORT

IF%K .EQ.1 THEN

GPI(1, ,1 = GP(1,1,1
GPI(1,2, = GP(1,2,1
GPI 2,1 1 = GP(2,1,1
GPI(2, = GP(2,2,1
TLSE

:qgh 1ATMUL(GPT(-,;,K-1),GP(l,l,K),2,2,2,GPI(1,1.K>)
CONT INUE
ZINON = (GPI(1

,1,NPORT)*ZOUT+GPI(1,2,NPORT))/(GPI(2,1,NPORT)*ZOUT
#+GPI(2,2,NPORT))

OFF STATE CALCULATION
CALL MATRIX(RR .D0,Z,EL,NSEG,ND,FRE,GN(1,1,1))
DO 50 N =1, NPORT

IF(N.EQ.1 THEN
GNI(1,1,1) = GN 1,1,1;
GNI(l1,2,1) = GN(1,2,1

87

PP e VLRI S

. ” N I S N T T I A :
e ‘0},;}0?1‘_‘\";.0 ’3"’& ! N .‘;:’l‘.h&“-'—'l . o‘?‘it~«2."i B . \l' AR 'a" '.' "‘ “ b i’% Af *"* D ‘u. ) “e- DAl ‘r"‘r“




50

108

[}

-

an

GNIgZ,l,lg = GNEZ,l,lg

gggEZ,Z,l = GN(2,2,1
gﬁg%FﬂATMUL(GNI(l,l,N-l),GN(l,l,N),2,2,2,GNI(1,1,N))
CONTINUE

ZINOFF =(GNI(1

,1,NPORT)*ZOUT+GNI(1,2,NPORT))/(GNI(2,1,NPORT)*ZOUT
#+GNI(2,2,NPORT))

ON-CFF STATE
ZIN = ZINON*ZINOFF/(ZINON+ZINOFF)
VIN = ZIN;XS/(%IN+ZS) ’

IIN =

PIN = REAL(. 5*(VIN*DCONJG(IIN)§)

ION = TIN*ZINOFF/(ZINON+ZINOFF

IOFF = IIN - ION

PON = 0.S#REALEVIN#DCONJGQION);

POFF = 0.5*REAL(VIN*DCONJG(IOFF))

ILON = GPI§1 1,NPORT ) *ION- GPI§2,1,NPORT3*VIN

VLON = GPI(2,2,NPORT)*VIN-GPI(1,2,NPORT)*ION

PLON = PON-0.S*REAL(VIN*DCONJG (ION)-VLON*DCONJG(ILON))

AMP = PEX/PLON

WRITE(2,55) FRE

WRITE(2,60 2

WRITE(2,65) ND

WRITE(2,70) CJ

WRITE(2,75) RR

WRITE(2,80) PIN*AMP

WRITE(2,85) PON*AMP

WRITE(2,90) POFF*AMP

WRITE(2,95) PLON*AMP

ILOFF = GNIS .1, NPORTK*IOFF GNIEZ .1, NPORT;*VIN

VLOEF = GNI(2,2, NPORT *VIN -GNI(1,2,NPORT)*IOFF

PLOFF = POFF-0 S*REAL(VIN*DCONJG(IOFF)-VLOFF*DCONJG(ILOFF))
WRITE(2, 100) PLOFF*AMP

FORMAT (' ', {OPERATING FREQUENCY',3X,F5.2 'GHZ')

FORMAT(' ' 'FIGURE OF MERIT (DIODE 8)

FORMAT(' ','TOTAL NUMBER OF DIODE N EAcH’ BRANCH' (2%, 12
FORMAT(' ','DIODE JUNCTION CAPACITANCE',3X, F5.3,2X,'PF!
FORMAT(' ','DIODE JUNCTION RESISTANCE',3X F5.3,2X,'OHM' :
FORMAT(' ','INPUT POWER',F10.2,3X, 'WATTS')

FORMAT(' ','POWER IN ON STATE BRANCH',2X,F10.2,3X, 'WATTS')
FORMAT(® ','POWER IN OFF STATE BRANCH',f1X,6F10.2,3X, 'WATTS')
LFORMAT(' ', 'POWER DELIVER TO THE LOAD IN ON STATE' F10.2,3X, 'WATTS
*g9§MAT(' ‘, 'POWER DELIVER TO THE LOAD IN OFF STATE',F10.6,3X,'WATT

%p%sn DI%SIPATED IN ON STATE BRANCH
CALL POWER(GP(1,1,1),ION,VON,NPORT,PDON,IDON,VDON)
WRITE (2 *)'POWER DISSIPATION IN DIODE ON STATE'

DO 105 I = 2,2*ND,2

WRITE(2,115)1/2,PDON(I)*AMP

CONTINUE

SCWER DIS3IPATEID TN OFF STATE 3RANCH
VOFF = VIN
CALL POWER(GN(1,1,1),IOFF,VOFF,6NPORT,PDOFF,IDOFF,VDOFF)
WRITE(2,*) ' POWER DISSIPATION IN DIODE OFF STATE'
DO 110 J = 2,2*ND, 2 '
WRITE(2,115)J/2,PDOFF (J)*AMP
CONTINUE
*§9§MAT(' ', '"POWER DISSIPATED IN DIODE NO.',1X,I2,2X,F10.5,2X, 'WATT

JUNCTION TEMPERATURE CALCULATION
JUNCTION TEMPERATURE IN ON STATE BRANCH

88



el IF%TYPE.E .'N';STOP

. IF(TYPE.EQ.'C')THEN

x CALL THE 1(ND,TJON,PDON,AMP,TA,TR)
e gﬁB%FTHERMZ(ND,TJON,PDON,AMP,TA,DT,HC)

WRITE(2, *)'JUNCTION TEMPERATURE ON STATE BRANCH'
o DO 120 f = 1,ND

o warrs/z 82)I.TJON(I)
e 120 CONTINUE
oy o JUNCTION TEMPERATURE IN OFF STATE BRANCH
K WRITE(2,*)'JUNCTION TEMPERATURE OFF STATE BRANCH'
W : IF(TYPE.EQ.'C')THEN
g%gé THERM1 (ND , TJOFF , PDOFF, AMP, TA, TR)
N CALL THERM2(ND,TJOFF,PDOFF,AMP,TA,DT, HC)
B ENDIF
M DO 125 J =
i WRITE(Z 130)J TJOFF(J)
ey 125 CONTIN _
oy 130 *ggng§§(' 1, ' JUNCTION TEMPERATURE DIODE NO.',2X,I2,2X,F6.2,2X, 'DEGR
. STOP
"‘l: END
)
e
l" .
RhM c SUBROUTINE MATRIX
SUBROUTINE MATRIXéRR cJ, z EL,NSEG,ND, FRE,GP)
e REAL*8 RR,CJ EL(l ) FRE P
R COMPLEX*16 2(10)
y COMPLEX*16 G(2 2 20) G1(2,2,20),GP(2,2,20)
s PI = 3,14159 653
) DO 10 K = 1,NSE
i G(1,1,K) = DCMPLX COSSEL( 9 Dol
et G(1,2,K} = DCMPLX(0.D z& ; DCMPLXZSIN{ELz ;g,o.oog
g %’%’ﬁ = gCMPLX g .D0.1 DO /Z({R}*DCMPLX(SIN(EL(K)) ,0.D0
10 CONTINUE
DO 20

L=1, N
IF(CJ.E DO)THEN
Z1 = DCMPLX(RR,0.DO)

ELSE

21 = DCMPLX(RR,-1000/(2*PI*FRE*CJ))
ENDIF

Gl 1,L) = DCMPLX%I.D0,0.DO;

Gl 2,L) = DCMPLX(0.D0,0.D0

20 CON

Hroro -

o) GP ‘
3 40 CONTINUE
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SUBROUTINE MATMUL
SUBROUTINE MATMUL(AA BB,NN,MM,RR,CC)
INTEGER NN,MM
COMPLEX*IG AA(Z 2,1),8B(2,2,1),cc(2,2,1)

,RR
0

cc(r,J,1) + AA(1,K,1)*BB(X,J,1)

u~_ HH

cC(I,J,1)
CONTINUE
CONTINUE
CONTINUE
RETURN
END

SUBROUTINE POWER
ggggggTINE POWER(G,I,V,N,PD,IID,VID)
COMPLEX*1 GéZ ,2,20),V,I,1ID(20),VID(20),I0D(20),VOD(20)

DO 10 J=2

IID(J) = G 1,1,J- lg*I - GEZ 1, ;*V

VID(J) = G(2,2,J-1)*V - G(1 2,J -1)*1

IOD(J) = G 1,1,Jg*IID - §2,1,Jg”VID§J

VoD(J) = G(2,2,J)*VID(J) - G(1,2,J)*IID(J

?D(J%OD=JO S*REAL(VID J)*DCONJG(IID(J))-VOD(J)*DCONIG(IOD(J)))
- vontd}

CONTINUE

RETURN

END

SUBROUTINE THERM1
SUBROUTINE THERML(ND,TJ,PD,AMP,TA,TR)
INTEGER ND

REAL TJ(lO) AMP TA,TR

REAL*8 PD(10)

DO 5 I=1,ND

TI(I) = TA + (PD(I*2)*AMP)*TR
CONTINUE

RETURN

END

SUBROUTINE THERM2

SUBROUTINE THERM2(ND,TJ,PD,AMP,TA,DT, HC)

INTEGER ND

REAL TJ(lO) AMP,TA,DT,HC

REAL*8 PD(10)

DO 5 J =1,ND

TJ{(J) = TA + (PD(J*2)*AMP ) *DT/HC
CONTINUE

RETURN

IND
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