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ABSTRACT

.Investigation into the limitations on the bandwidth of PIN

diode switches in their different configurations is per-

formed. The Single Pole Double Throw switch constructed

with shunt mounted PIN diodes is shown to be bandlimited

due to the line lengths involved in the operation. Series
mounted diode switches have a wider bandwidth but the diodes
cannot perform as power devices due to their bhysical con-
struction. Radiation due to discontinuities were found.to

degrade the isolation but this was overcome by an evanescent

waveguide structure.

The software program TOUCHSTONE (TM)/RF by EEsof is used
extensively as a basic development tool. The characterisa-

tion of the PIN diodes which was used by the software, was

carried out. A bias network had to be developed to allow for

the biasing of the diodes before any test boards could be

fabricated.

A literature survey was done on the different types of phase
shifters available. A circuit which enables shifts in 45
degree increments was developed. The system consists of
Reflection Phase Shifters which are made up of Quadrature
Couplérs that have'different terminations switched in on

two of their ports, a Wilkinson power splitter and a power
combiner in the form of a 3 dB Quadrature Coupler. It was
found that this confiquration works well in theory but is

too demanding on the practical components to allow for low

phase shift errors to occur.
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1. INTRODUCTION

Extensive research and development of microwave integrated
circuits (MIC's) using hard substates (Alumina) and soft
substrates (RT DUROID and 3M) have been undertaken in recent
years. Solid state microwave amplifiers. and oscillators have
appeared in the market place using MIC technology and other
peripheral components-and subsystems have to be compatible to
allow this technology to be fully'utiliied. This thesis
involves the development of Single Pole Multiple Throw switches
"and Phase Shifters which make use_of the PIN.diode. Develop-

ment is carried out on microstrip and stripline softboard.

A large portion of the development process was done with the
aid of the software package TOUCHSTONE TM/RF by EEsof. Certain
" techniques had to be developed to get the most from the soft-

ware.

A switch can connect in one of any number of paths dependlng
on the application. These switches can be developed using shunt
or series mounted PIN diodes in different configurations all

of which determines the frequency bandwidth.

~The two principle means of providing electronic control of the
phase of a microwave signal are realized by the diode and by

the ferrite phase shifters f1]. Both of-these circuit approaches
have undergone extensive development since about 1960 when

the major 1nterest in electronically controlled phased array

antennas began.

Phase shifting is also used in serrodyne techniques which are
used in frequency shifting in microwave relay systems, electrical
scanning of antennas, and doppler simulation for testing doppler
radars [2]. The serrodyne frequency translation is theoretically
obtained by.a cnntinuous phase modulation. It is possible to
show that a continuously phase¥modUlatéd device can be replaced

by a device that introduces quantized phase shifts.



In this dissertation the diode phase shifter in particular has
been investigated. A unique method of phasé shifting in 45°

steps using hybrid couplers and PINvdiodés is developed.
1.1 Objectives

The purpose of this study is twofold. Firstly to inveétigate
circuit bonfigdrétions which are suitable for wide band opera-
tion. A design technique is described which would enable the
easy and reliable construction of any number of throws to be

fabricated.

The specifications of more than»60dB_6f isolation on a switched
off path and an insertion loss of less than 3dB for a transmit
path in a four throw switch over a bandwidth of 2 GHz to 6 GHz

was initially set.

Secondly; to design a phase shifter that switches in 45 degree
steps depending on bias conditions of PIN diodes. The operating

frequency is also from 2 GHz to 6 GHz.

1.2 The software program TOUCHSTONE (T™)
A brief ovérView-oftthis software package 1is given.

The circuit file (as shown in Appendix A) is used to describe

a ' circuit and specify the parametefs to be measured. The follow-
ing elements are available to use in the CKT blocks; active
elements, device models, distributed elements, impedance con-
verters; lumped passive componenté, s-parameters, special purpose
elements and unilateral elements. TOUCHSTONE processes a circuit
file when a frequency sweep is instituted or the circuit is tuned

or optimization is performed.

The Tuner is a tool used to'chahge.parameter values of circuit
elements. which then allows another frequency sweep to be carried
out. The new,respohse is then overlayed on the previous res-
ponse} The sensitivity of a single parameter can easily be.seen

as well as fine tuning of the overall response.






The HP 85 had an Accuracy Enhancement program which allowed
print-outs to be obtained of the measuremehté. This program
was also modified slightly to calculate the impedancé of the
circuit being measured at each frequency. It was found that
the reference plane extension plays an important role in the
accuracy of the results. There are two methods for adjusting

the reference plane;

i) The physical_adjustment on the S-parameter test set

ii) A software adjustment in the Accuracy Enhancement package.

The HP11608A transistor test fixture as shown in figure 1.2 is
connected onto the ports of the S-parameter test set to facili-
- tate the characterizatigon of devices. The parameters measured

can then be used by TOUCHSTONE.

8. STRIPLINE
BOARD

C. GROUND
< STRUCTURE

Figure 1.2 The HP11608A transistor test fixture

The stripline board and ground structure is machined and modified
to allow the device to fit exactly into place. -For active devices
the biasing is applied through the biasing horts of the S-parameter
test set. It is important that the referenCe‘plane is set at the

terminals of the device for an accurate S-parameter representa-

tion.



2. THEQRY

Once operating frequencies reach 1 GHz and above, the wave-
length becomes comparable with lengths of connecting wires
and strips and the use of lumped elements become expensive.
As a result distributed circuits are more commonly used.

It is therefore important to understand basic transmission

line theory.

A transmission line may be défined as a device for trans-
mitting or guiding energy .from one point to another. [3 ]
Transmission lines transmit energy in one of two main field
configurations or modes. These are, the transverse electro-
magnetic (TEM) mode where both the electric and magnetic
fields are entirely transverse to the direction of propaga-
tion, and higher-order modes where at least one field com-

ponent is in the direction of transmission.

The input impedance to a transmission line varies with the
distance progressed along the line. If the line is con-
sidered loss-free, which is valid if the line lengths are

physically short, the following expression results;

<ZL + j 2, tanB£> ‘ o (2.1)
Ziw = Zo \ 7, + j 7. tanBE/ - ,

where £

length of line -
2w/

-The input impédances for lines having short-circuited or
open-circuited terminations follow from equation 2.1. By
chodsing different lengths of transmission lines either
open-circuited or short—circuitéd inductiQe of capacitive
circuit elements are realized which can readily be used

in resonators, filters and matching networks.



It must be noted that these elements are dependant on

B which in turn is dependant on frequency. For a short
circuited quarter-wavelength line the standing wave has
a voltage maximum which corresponds to an open circuit
condition. Thus the short circuit is transformed to an
open circuit. Consider the case when the operating
frequency doubles. The duarter—wave length line now
becomes a half wavelength line which means that the
short circuit now is transferred to the point that was
previously the open circuit. Only when the load imped-
‘ance is equal to the characteristic impedance is there
a match which is independant of frequency. This is

important when broad-band work is undertaken.

Except in perfectly matched conditions the load termina-
tion reflects some of the energy sent down the line.
Interference between the incident and reflected waves
travelling at the same velocity but in opposite directions
causes a Standing Wave field pattern to be set up. The
ratio of reflected to incident voltage at the load is

given by;

Voltage reflection coefficient:

T i -
2+ 2, - 22

The ratio of maximum to minimum amplitude of the standing
wave is given by;
1+ ||
Voltage standing wave ratio = ——m (2.3)
1 - |7
The basic transmission line can be implemenﬁed in various
different physical constructions [4] p 19. Only the ones
that are used will be further discussed.

2.1 Microwave circuit technology

. 2.1.1 Waveguide



Waveguide has been the traditional means of transporting
microwave energy. From the Boundary conditiohé derived
from Maxwells equations the electric field tangential to
a perfect conductor must be zero (3 1 p 338.. This leads

to the field distribution as shown in fFigure 2.1.
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Fiqure 2.1 Variation of fieid compdnents and field

confiqurations for TEw and TE20 modes in a hollow

rectangular waveguide




The simplist mode is the TEy,y which has the lowest cut off

frequency given by equation 2.4:

For TEmn ¢ fe = —1 — | (—My® eyt (24
| ZJE Vi Z,

For frequencies below cutoff waves are not transmitted but

are attenuated [3 ] p 561. The atténuation constant for a
rectangular gquide at frequendiés below cut off is given by
the equation below;

nmT =2 m o 2 Z mr 2

X = ) + - Np m
( Y )T . ) (7<o )
Alternatively
X = 54.6 ‘
N oc dBm~!
2.1.2 - Coaxial Line

The dominant mode of propagation in a coaxial transmission
line as shown in fiqgure 2.2 is the transverse electro-

magnetic (TEM) mode. [5] page 49.

Dielectric
“Inner Conductor

OUTer Conductor

’ Figure 2.2 A coaxial line




- For any loésless TEM mode structure ‘the characteristic

impedance is given by the following equation;

Z, = JL / C
Where L and C denote the inductance and the capacitance
per unit length of the structure and are defined in the

folloWing>equations;

2m€/ £n (b/a)

and
L =Y _gn (b/a)
2

Where € andMare the permittivity and the permeability of
the dielectric medium. The cut-off wavelength of the lowest

order TE, mode of propégation is given by;
: b + a)
>\ ~ 2T 2

2.1.3 " Microstrip

A microstrip transmission line as shown.in figure 2.3
operates in a quasi - TEM mode because the conducting

strip is not surrounded by a uniform dielectric.

Top conducting
steip

Dielectric
substrate

E:EoE,

Ground plane
{conducting}

Fiqure 2.3 The géneral geometry of a microstrip line

The width of a microstrip line is principally a function.
" of its characteristic impedance and the thickness of

the substrate.
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Some of the particuiarly useful characteristics of

microstrip include the following: [a]

1) DC as well as AC signals méy be traﬁsmitted.

2) Active devices, diodes and transistors may readily
be incorporated (shunt connections are also possible).

3) In-circuit characterizationé of devices is straight-
forward to implement. _

4) Line wavelength is reduced considerably from its free
space value, which leads to smaller circuits.

5)  The structure is fairly.rugged and can withstand

moderately high voltages and power levels.

The following closed formulae were used to determine
the width of the'conducting strip when the dielectric

¢onstant and height of the dielectric are given.

qur.parrow strips <20> (44 - 2&_r9

-1
'ﬂ'—<fpo’ o1 ‘
h 8 4expH”

7, J2(€r + 1) 1,6r -1 1 4
Where. H'= + - ——-———\) (2n1.+——£n_>
B 119.9 2 ¢r + 1 2 fr T

.For Z,< (44—289

Wz B €r - 1 ~0.517
—h:-; <(di - 1) - £n (2d - l)) +—?£—r—— (Zn (d-1) + 0.293 - )

£r

2
Where d = —22+95 T
| 2, J Ex

With the formulae used accuracies of f 1 per cent can be

expected.

The wavelength at a given frequency on- the microstrip is

. 300 o
- Xg= —_— mm

r Jerf

given by:
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Where

&eff

€r + 1 1 29.98 2 4 €r-1 S RN
2 1+ Z, (€r+1) (Er+l )n —2—-+£_r£n?)

fFor Z,)> (63 - 2¢r) :

Leff = 5o +€p (0.109 - 0,004 € ) (Lo (10 + Zo) - 1) For Zo< (63-2¢,)

Accuracies of 0.5 per cent can be expected.

The literature shows [4] p 57 that the thickness of the conducting strip

may be significant in that it influences the field diétribution as ghown

in figure 2.4 which modifies the characteristic impedance.

o
ol

4

{a) Microstrip showing thickness t

—

E-field

(b} " {c}
increasing
thickness t —

Figure 2.4 Changes in the distribution of the electric field

as the thickness of the mictrbstrip is altered.

Fifty ohm lines were constructed on Duroid 2.2 softboard and
were found to present a good match which means that the equa-

tions used give a fair approximation.
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In many practical applications the microstrip circuit is

enclosed by a metal cover as shown in figure 2.5.

T

£o e

I
/V////X// A
Dielectric j ] -'TL_ ‘1

substrate

b

figure 2.5 Cross-Section of shielded microstrip.

The presence of conducting top and side walls lowers both
the characteristic impedance and the effective microstrip
permittivity, which is due to the increased proportion of
electric flux in the-sufrounding air. Closed formulae are
available in the liférature which predict the effects of

“the conducting walls [4] p 59.

The following equations show hew the distance between a

top cover and the microstrip (a-h) effects the characteristic

impedance.
Where w/h&1.3
| z, (Shielded)-g Z, (Unshielded) - Z .
Where w/h2 1.3
Z, (shielded) = Z, (Unshielded) - Z _,

N
1]

0s1 270 (l-tanh (0.28+l.2/ h' a

A ” 0.48 (w/h)-1
Z052 = Zos1 <}ftanh (l+(1+(a—h)/h) )

The height of the conducting strip has been neglected because

it has minimal overall effect in the above'equationé.



The losses that occur are due to losses in the dielectric,
losses in the conducting strip and radiation losses. The
conductor losses vary between 1X10‘3d8/mm at 1 GHz to
2.4x10—3d8/mm at 7 GHz. The dielectric losses are usually
far lower than the conductor losses depending on what
substrate is used. If plastic substrates are used the two

losses are comparible. [4] p 61.

2.1.4 Stripline

A stripline as shown in figure 2.6 operates in a TEM mode.

' /Grbund plane

Figure 2.6 A stripline.

The analysis of stripline is.considerably simplified when
the thickneSs of the central strip is negligible. Design
eqdations are found in [15] p 57 and [26]. The following

equation is used.

T JkR
€ 3

Where characteric impedance

K = dieléctric constant

13
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2.2 Coupléd Transmission Lines

Coupled transmission lines are used in a variety of circuit
functions, namely directional couplers, filters, impedance
matching networks and delay lines [5] page 76. They.can be
implemented in any of the microwave transmission line forms
wﬁich‘include microstrip, stripline and coaxial line. They
are of‘pérticular interest due to their unique phase shifting
properties and can be fairly broad band. - This allows them

to be a viable solution for the Phase Shifters (see chapter 8).

Coupled lines are modelled on TOUCHSTONE which enables circuits
to be designed in theory and be investigated fully before any
fabrication process is performed. This is very important as
some quadrature couplers (Lange couplers) have to undergo an

expensive manufacturing process.

2.2.1 Coupled Transmission Line Characteristics

Any parallel-coupled pair of transmission lines may be des-
cribed by the four-port configuration indicated in figure 2.7.

The broken lines indicate mutual coupling.

e ©

FigUre 2.7 Two paréllel—coupled transmission lines
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‘These coupled lines yield contra-directional travelling waves.
(4] p 12. At any instant the relative pdlarities of the
voltages, taken at any specific plane along the structure will
~either be alike or opposite, which is referred to as the even
mode and odd mode impedances respectively denoted by Zoe and
Zoo. These characteristic impedances are major design parame- .
ters for any parallel-coupled transmiséion line configuration
and are functions of the degree of coupling (C) and the single-
line terminating characteristic impedance (Z_,). The important
parameters are coupling factor C, transmission factor T, direc-
tivity D and isolation I.‘ These quantities are defined when

referring to figure 2.7 and fiqure 2.8.

V3 .
C = ///: voltage fraction transferred or coupled

Y across to the opposite arm. -

Vi : o
T = /// = transmission directed through the "primary"
v ' '

1 arm of the structure.

Ve .
D = // = measure of the undesireable coupling to
' Vs port 4.

Vg
I = // = degree of isolation between port 4 and
V. :
= port 1.
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N

. ‘ 4 Load
)

~
C.

co
1
" Source

~
Figure 2.8 Schematic diagram of a directional coupler

~

',\\?y

indicating the major parameters.

The following important equations are derived in [4].

Zoe - Zoo
C = 29 109 Zoe + Zoo - (2.5)
. ’ 2 ‘ | .
and - 1, = Zoe Zoo - (2.6)

True TEM couplers yield equal phase velocities for each
mode whereas quasi-TEM couplers yield differing phase

velocities.

A coupler therefore has the following charaqteristics.
1) There is transfer of power from Port 1 to Port 2.

2) There is transfer of power from Port 1 to port 4.

3) There is no transfer .of power from Port 1 to Port 3.

4) There 1s no reflectéqhavé out of Port 1.

2.2.2 The phase relationship'of quadratdre couplers.

Refering to figuré 2.9, When a signal is appliéd to Port 1

any reflections that occur on ports 2 and 3 due to mismatches
are reflected back to Port 4 (or the isolation port). There-
fore the reflection coeffiéient seen at Port 1 is theoretically
minus infinity. Transhission from Port 1 to Por£.3 (the

directvpath) has a constant phas delay of 90 degrees.



17

Transmission from Port 1 to Port 2 (the coupled path) has a
constant phase shift of 180 degrees. The signals that reach
port 4 are of the same frequency but shifted in phase which

"add vectorially.

If different terminations are applied to Port 2 and Port 3 a

resultant phase shift is found at Port 4 as shown in Table 1-

below.

| Termination Termination | Phase at & | Phase at 4 Resultant
at Port 2 at Port 3 = |due to 2 due to 3 Phase

| short Circuit| Short Circuit| 900 1 00 90°

| Matched Load | Matched Load |No Output | No Output No Qutput

| Open Circuit { Open Circuit 270° 2700 270°

Table 1 Resultant Phases'For different terminations on a

>guadréture coupler.

If open circuits are applied to Port 2 and Port 3 total reflec-

tions will occur at these pdrts. If short circuits are applied

an additional 180° is added to each path.

Port 2 Port 3
l i

— — — 90° Path
180° Path

1 ]
“Port | ‘Por"r L

Figure 2.9 The phase shift paths of the quadrature coupler
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2.3 The Quadrature Coupler

The couplers that were investigated were both of the micro-
strip and the stripline types. A microstrip coupler would
have to take the form of a Lange coupler [7] (8] [9] because
the gab between two straight coupled microstrip.lines is

too small to be physically realizable for a 3dB coupling.
[5] p 130. Even the Lange couplers need very narrow gaps
between the fingers which is not possible to fabricate

with conventiohal etching techniques. A process which
involves the copper sputtering of thin film Alumina is

required.

Stripline couplers present much higher coupling for the
‘same gap size as in coupled microstrip lines [10]. Formulae
are available in [5] page 72 and [10] which enable the
physical parametérs to be calculated once the even and odd
mode impedances are given. The gap sizes are still found

to be very small.

An alternative to the stripline side-on coupler is the over-
lay coupler-where a 3 dB coupling factor is feasible. The
following formulae gives the even and odd mode impedances

Zoe and Zoo [11] with respect to ground with the cross section

i ]

@ i $ b
e—w—sfh

as shown in figure 2.10.

Figure 2.10 Cross-section dimensions of broadside-coupled

strips parallel to the ground planes.
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These formulae hold for any ratio of w/b and s/b as long as
w/s> 0.35

188.3 K(K”) 296.1
loe = , Zoo

Jf& K(K) J-& b/S -ta‘nh" K

where K = a parameter
K'=d1 - k&

K(K) amd K(K') = Complete integrals of the first kind.

An approximation 1is

2.4

. 1.3, 1.3.5
K(K) =T_r(1 e K 5 e e K >
: 2 B _ : T :

The ratio-%—is given by

| "
Wo2 {tann™ K = -1 _
b v 1. b .
~ 5 -1
S

A basic progfam was developed (see program 20b) to caléulate

the width of the overlay once given the height of the dielectric
b) the height of the dielectric between the copper strips (s)

and the even modé'impedénce. 'Equation 2.6 was always fulfilled.
Program 20a is the flow chart for this program. It must be
notéd that all the conditidns may not be satisfied for a given

'b and s.
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3 BIAS NETWORKS

It is important that the circuitry used to bias the PIN
diodes (or any other active device) does not interfere
with the response of the overall circuit. Thérefore the
transmission line onto which the bias circuit is connected
must still perform as a 1owiloss line with the specified

characteristic impedance.

It is also important that the bias netwbrk_does not degrade
the modulating signal in any way.' A modulating‘frequency
for the switch can be in the region of ten mega-hertz.
‘Therefore the overall required response takes the form of

a High Pass filter as shown in Figure 3.1.

_,ﬁ 10

= 20 _

2 30

o v v -
o 1 1 10 100

| Freq-GHz

Figure 3.1 Required response for a bias netWork

A return loss of 20dB corresponds to one hundredth of the
power being returned to the source which results in a
SWR of 1.2.. ’ ‘

A number of different biasing methods were investigated

and developed as_FolloWs.

3.11 Radial Stub

The radial stub configuétibn as shown in figdre 3.2 is a
radial transmission line element [12] A magnetic wall
model [13] can be employed for analysis where the radial

element is considered as a cavity resonator with electric
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walls on thé-top‘énd'bottom and magnetic walls on the side

border.

L A

w 9 OC BIAS .
| '1 PAD
fd[ 8

A Figure }.2 The Radial Stub as a bias ﬁetwork

A broad-band high frequency open-circuit is present at
point B. The'foLlowing design equations are given for a
semi-circular cavity'resonator[l4] page 133, which was

used to design a circuit.

For a TEnpg mode:

Resonant freq. =

- ‘
Tvduf'/ﬂ'mﬂz-*(%?ng

where X'np = Kc a Bessel function

Figure 3.3 A semi-circular cavity resonator

For a frequency of 3.46 GHz and a TEuo mode; From [141p 116
X'w = 1.841. A radius of 17.12mm is calculated. A feed line
~with. an impedanée of IHMhﬁ was chosen. This résults in a

microstrip width of .57mm. Two circuits where fabricated.
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One with a radius of 17.12 and another with a radius of 8.58mm.

The measured response is shown in figure 3.4.

RETURN LOSS (dB)

RETURN LOSS (dB)

40 -

Radius =17.12mm

2 3 1 1 n
T T T

% t - {
«Aldiv . . a

Frequency (GHz)

Radius = 858mm :'

3 3 1 1 1
T 4 T t 1

) 1 s
L T L] T
. 4/dtv a

Fregquency (GHz)

Figure 3.4 The measured response of the radial stub circuits

which were fabricated.

The radial stub network is not broadband enough for the band-

width in question.

It can be easily. noted that as the radius

decreases the usable frequency response shifts up in frequency
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which is to beAexpected. It was eiso found that the DC pad

as shown in diagram 3.2 can be removed and replaced by a wire .
soldered to the centre of the radial stub. A major dis-
advantage with the radial stub is that it is physically very
large compared to the other microwave circuitry and devices

.at the frequencies being delt with.

3.2 High Impedance Low Imgedance sections used in

Bias Networks

The property of the quarter wavelength impedance transformer

can be used in a bias network. An epen circuit at one end

of a quarter anelength section of transmission line is trans-
formed to a short circuit at the other end and visa versa.

If two quarter wavelength sections with diffefent impedances.
follow one another as shown in figure 3.5 a broadening of

the bandwidth occurs eompared to one section. The low impedance
(the wide section) has the influence of broadeningvthe band-
width of a single open circuited stub and‘ensures a low
impedance point for the DC connection to be made. The high

impedence is the thin line connected to the 50 ohm line.

%

~—*. Low N
7 impedance A

1% o 2

50 ohim line

Figure 3.5 A Microstrip circuit of High Impedance Low

Impedance Sections

A way of.broadening the bandwidth even further would be 'to
use multiple quarter wavelenth sections for different

frequencies as shown in figure 3.6.
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ET:?_;___g::q-"‘%/A at low

' frequency

ni at high ——
freguency

e

-

Figqure 3.6 Microstrip circuit of broadened High Impedance

vLow Impedance Sections

0.0E+00,

~20. 00

~40. 00

The higher frequency is chosen to be double that of the lower

frequency. When the circuit is operated at the higher frequency

‘the long quarterwave section will support the shorter section

because at this frequency it is. half a wavelength. ie The
open circuit at the extremity is transferred to the connection

at the 50 ohm line.

This circuit was analysed on TOUCHSTONE using Fifstly ideal
transmission lines. The circuit was optimized for the broadest
bandwidth possible which resulted in the lengths not being
exactly a quarter waveiength. See Program 1 Appendix A. The

resulting response is shown invfigure'3.7a.

o o8esi1l . . ot @ 0BIsI}
BIAS ’ T eIAs
: : 0. 0E<00, .

/ ~20. 00
- b

-40. 00 N s "

1. 800 4.000 ’ 7. 000 1. 000 4.000

FREQ-CHZ : . FREQ-CHZ

(a) ' X (b)

Figure 3.7 Response using a) ideal transmission lines b)

microstrip lines for the circuit shown in figure 3.6

7.000
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A transformation from ideal transmission'fineévto microstrip
was done where the MLIN and MLOC commands are used. See
Program 2. It was found that the response did not follow the
result shown in figure 3.7.  This would be due to the open
circuit stubs having finite widths. The circuit was again

optimized to produce the response shown in figure 3.7b.

The software predicté_that this system of biasing does not
operate over the entire frequency range in question. A circuit
was- not produced to compare measured response to computed

response.

3.3 Bias networks using Elliptic Filters

‘A means for constructing filters as rectangular pads on
dielectric substrate is described in references [15], [16]
and [17]. The merits of this construction is that the Bias
.network is constructed sihultaneously with the rest of the
circuit. A thin wire is then soldered to a low impedance
point which injects the required bias signal. The pad has

an equivalent LC circuit as shown in figure 3.8.

r_"_...zl — -
. 1 = —I
Ti- " 1 —t
3 ] 1, Eo (<) '
3 ::; 4 l
4 : 4 :
(2) (b)

. Figure 3.8 Geometry of two types of filfer elements with

their equivalent circuit.

The design equations used which relate component values to

pad dimensions are given,
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t (Ca + Cb)
R €b
q, = Cb/jVZv(Ca Cb + Ca Cc + Cb Cc)
q, = -Caz/z (Ca Cb + Ca Cc + Cb Cc)
pr = (£/m) cos'(-q./Sn (%%)
-1 . o w
Ca Cb -

Open circuit resonant frequency = [Lc (Cc + E;—:—EB)]

For the circuit in figure 3.8a the following conditions
héve'to be imposed.

Cb Cb - 2Cc
Cad> " (Tp + cc )

Ca Ca - 2Cc
Cb> %5 (To + cc )

For the circuit in figure 3.8b

Cb Cb - 2Cc
Ca = ——

2 Cb + Cc

A Sharp PC 1211 pocket computer was programmed to request
COmponent values and then to calculate the reéonant frequency
and pad dimensions. See Program 3 Appendix A for basic
program. The SPICE program on the UNIVAC mainframe computer
was_fhen used to calculate the Return Loss of the equivalent
circuit from 2GHz to 6GHz as shown in Figure 3.a. Ports 1

and 3 form the two port network.

Figure 3.9 The equivalent circuit that was programmed on

SPICE.,
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The following values were generated on the Sharp pocket

computer.

Reduested parameters:

L = 5.6 nH

Ca = 1pfF

Cb = lpﬁ

Cc = .04fF

Width Port 1 = 0.57mm

Width Port 2 = 0.57mm
" Width of pad = 5mm

Calculated values:

Resonant'frequency = 3GHz
Length of pad = lémm .
Pl = 1Zmm

PZ =

12mm

These values were used in the configuration as shown in figure
3.1. It was found that if an open circuited quarter wavelength
sectlon was 1ntroduced between points 2 and 4 in flgure 3.9

then the response was broadened. This configuration came about
in an attempt to incorporate the High Impedance Low Impedance
sections with an Elliptic filter pad. The program listing is '
"shown in Appendix A (Program 4). The predicted response is

shown in figure 3.10.
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Figure 3.10 The response of the filter predicted by the
SPICE Program

The ideal transmission iine circuit that was developed on
SPICE was simulated using the TOUCHSTONE program. Since
TOUCHSTONE facilitates the entry of microstrip dimensions
directly it was hoped that a higher degree of accuracy could
be achieved. TOUCHSTONE predicts that the dihensions for
the circuit that pfoduced the response in figure 3.10 are
far larger than those predicted by SPICE. Different con-
figurations were tried where tHe optimization routine was
used extensively._ Some microstrip layouts with their
accompanying predicted response is sﬁown in figure 3.11.

Their programs are shown in Appendix A. (Programs 5,6,7).
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Figuré\B.ll Microstrip iayouts with their accompénying

predicted résponse.

Figure 3.1lc seems to giQe the'required response but this
is 'a prime example in'which the program was allowed to
optimize indefinitely:without any limits provided; The
stubs were reduced until the effect becomes negligible; A
satisfactory frequency response was not obtained in soft-
ware over at least two octaves of bandwidth and no circuits

were fabricated as a result.
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3.4 Pads that were tested as Bias networks

A number of simple circuits were built up uSihg the 3M
Microwave Design Aids. This design aid consists of thin
copper strips with Low Loss glue on one side to facilitate

the adhesion of pads and strips onto a dielectric substrate.

Pads of different sizes and shapes with thin copper wire
connecting them to.a 50 ohm line was constructed. The
dimensions and shapes of the pads were easily altered by
trimming off narrow striﬁs of copper with a sharp knife.

The change in the return loss on the display of the network
analyser(was then observed. The connection from the pad

to the 50 ohm line is very important. It was found that the
best results were obtained by using thin copper wire (diameter

= .15mm) for this purpose.

TOUCHSTONE was used to model a pad with a thin connecting wire
to a tfansmission line. It was then easy to construct the _
circuit using the design aid and then to compare the predicted
response with the measured response. The predicted‘response
is shown in figure 3.12a where a square pad was constructed

with a 25mm length of .l15mm copper wire connecting it to a

50 ohm transmission line. The measured response is shown in-
3.12b.
o corsiag
QIAS
THIN WIRE CONHECTED TO FAD
a.-'
~ ES
a .
£ Sy
. T.\\.
w .
164
o . "\
4 i N N
=z 24 \ \
/
=32
x
o} e e e ———- +: 4
'4L1 12 .6rdiv S-% 7
Freauency (GHz?
(a) ' . (b)

Figure 3.12 Theoretical and measured response oOf a;squareﬂgad.
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The pad can be considered as a capacitor when considering

that there are two conducting plates separated by a dielectric
slab. A 25mm length of connecting wire is a high impedance
quarter wavelength at 3 GHz and the capacitor is a low
impedance to ground at microwave frequencies. This is very
similar to the High Impedance Low Impedance Sections as
discussed in section 3.2, the difference being in the way

the Low Impedance is implemented.

However the measured response is not better than 20 dB over
the frequency range and forms a notch as in the radial stub

case.

When the pad gets too large, the dimensions become comparable
with that of the operating wavelength and uncertainty arises
as to whether the pad is a capacitor or a resonant stub with

quarterwavelength sections.

3.5 Ferrite cores used in Bias Lines

All the previous methods involved getting the bias circuit to
present a high impedance to the 50 ohm line. This is to stop

reflections occuring by minimizing any impedance mismatch. .

It was thought that if all the microwave signal eﬁtering‘into
the bias network was absorbed, then the bias connection would
have minimal effect on the return loss. This would be implemen-
ted by using a ferrite material in the form of a bead which is
very lossy at microﬁave frequencies. A thin wire fed through
the ferrite bead would present a high impedance to the trans-
mission line, thérefore the amount of_energy entering the bias

line to be absorbed would be very little.

A wire (.15mm in diameter) was soldered onto a 50 ohm trans-
mission line and a number of different cores were tested. The
results were cpmpared to that of the wire connected by itself.

See figure 3.13.
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Figure'3.13'a) displays the. return loss of the 50 ohm trans-
mission line on which all the tests were carried out. Figure
3.13 b) shows the response wifh only the thin.wire; "When the
wire is touched or moved slightly the response chénges. The

three different traces are of three different wire positions.

Figure 3.13 ¢) and d) are the results of the same wire with
different number of turns thrbugh a ferrite bead. The wire
with two windings gives the best results. It is thought that
the higher number of turns increase the inter-turn capacitance

which degrades the response.
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vFigufé 3.13 Results of tests done with wire and Ferrite beads
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Many variations were tried and it was found that the ferrite
bead must be placed as close to the 50 ohm line as possible

for best results. An insertion loss test was also carried out
to see if the ferrite material was not absorbing all the micro-
wave energy present. This would not allew a transmitted or
reflected signal resulting in a good return loss. In fact the
additional 1nsert10n loss was negligible when compared to that

of the 50 ohm line without any form of bias line attached.

3.6 Conclusions

Another method of biesing that was not fully investigated is
to use a small wire wound inductance of approximately 100nH.
If this inductance is placed close to theitransmission line
then a high impedance (approximately 1.2k ohm at 2 GHz) would
be in shunt with the 50 ohm line resulting in a small mis- v
match. The problem is a very small coll with extremely thin

l wire which has to be constructed to keep the stray capacitance

to a minimum.

The ideal bias network would be a small printed circuit that
could be fabricated in the same process as the microstrip trans-
mission lines and other microwave cOmponents This type of
circuit works well enough for small frequency bandwidths but

alternatives had to be found for the frequency range in questlonf

The best solution was found to be a 22pF (ATC type A) capacitor
with a short length of thin wire connected to the microstrip
transmission line as illustrated in figure 3.14. (These ATC-A

cepacitors were used as DC blocking capacitors later).

Microstrip-

X/ Length of W_xre

Figure 3.14 The bias system consisting of 'a capacitor and

‘a short length of wire.




34

This again similér to the High Impedance Low Impedance system

as in section 3.4. The capacitor
open circuited low impedance line
increases the impedance decreases
results of this method of biasing

A ferrite bead was also inserted

overall.
WMIRE COHMNECTED TO CAF.
1471
- T <
@ w
w18 o
% ez ,,f““‘—“‘\ %
= Y ///x' .S
T3 A Vo2
[* 4 o«
= 3
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{4 + o
24 o et + + -
2 4/div S
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d

has the advantage over the

in that as the‘frequency:

and is not cyclical.

The

is shown in figqure 3.15.

FERRITE HAHND CRFP.

which gives the best results

Figure 3.15 Results of the capacitor and wire biasing
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4. THE PIN DIQODE

- PIN diodes can be used in variable-impedance elemenﬁs to
control microwave signals in applications which inélude.
switching, attenuating, modulating and phase shifting.

The fundamentals for these silicon junction microwave diodes

are found in the physicé of the PN junction. [18]

The PiN diode consists of a P-type and a N-type layer and

an Intrinsic (I) layer between them. In practice, it is
impossible to obtain and maintain through processing, truly
intrinsic material. Thus most PIN diodeé have I layers
which are slightly N—type_or P-type. Consider a device with
a very lightly doped N region. Ffigure 4.1 a) illustrates
that there are in fact 'two junctions, a Pt NT junction and a

NT N junction.

Np is the donor doping density for the N matepial and NA
is the acceptor doping density for the P material. When
zero biased a depletion fegion will form at-the P+Ni
judctidh; If the doping in the N~ layer is sufficiently
small, and the width is small, the zero bias depletion
region may extend all the way té tﬁe Nt region or a reverse
bias might be required to obtain this conditioh; At this
point, fhe depletion region will not increase fgrther in
width, figure 4.1 b)'Shows the electric field profile.
The lower the doping level in the I region, the more con-
stant the electric field is across the I region. [19]
N = Np(X) ~— NAX) ‘

. _
Hpy 4 ——

-—aNp

AEK)

NDq 1 : = X ‘ ’ —\
. ' ' ' : B X

Na ‘ . L 1 X : Xj2

a) DOPING PROFILE R b) ELECTRIC FIELD PROFILE

'Figure 4.1 The doping.profile and electric field profile
of a PIN diode ’
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At low frequencies the device behaves as a P-N junction
rectifier, but at sufficiently high frequencies rectification
ceases and the impedance becomes that of the I—region.: This
will be high when the P-N junction is reverse biased, but will
become low when forward bias is applied to flood the I-region
with injected carriers. for small signals no bias has to be
applied to obtain the reverse bias condition. The frequency
~at which the device works must be. such that its period is small

compared to the effective lifetime of the charge carriers.

Since the electric field is almost uniform across the active
region, and the voltage is the integral of the electric field
across the junction, one can estimate the breakdown voltége
of PIN diodes from a kﬁowiedge of the threshold field for
avalanche breakdown. . Typically the breakdown voltages range

from 30 Volts to 1500 Volts. -

4,1 PIN diode structures

i) The passivated mesa structure is shown in figure 4.2

where the active I-region resembles a parallel plate

capacitor with minimum fringing capacitance to the sub-

state. It also maximizes the surface breakdown voltage.
THERMAL OXIDE(SiCyo)

PASGIVATION
LAYER

METALLIC -
CONTACT

L-METALLIC CONTACT

Figqure 4.2 Passivated Mesa construction PIN diode

2) The planar PIN diode chip is shown in figure 4.3.For
microwave purposes, planar devices have two major dis-
advantages. Ffirst, the PN junction depletion region is

shaped like a plane-parallel plate capacitor’in the centre,
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but is cylindrically shaped at tﬁe edges whichvreduces the
voltage breakdown considerably from a mésa device with an
I-region of the same thickness. Secondly, the inactive silicon
surrounding the junction produces extra fringing capacitance.
It also stores charge, thereby reducing switching speed. But
the series resistance vs current characteristic is linear on

a log-log plot over a wide dynamic range of forward-bias

currents which make it useful for attenuator applications.

g METAL CONTACT

P+ REGION ; ;Z CYi INDRK‘AL

t.
N- OR | REGION § REGION OF

JUNCTION
PLANE REGION
OF JUNCTION

THERMAL Si0»
PASSIVATION

METALLIC CONTACT

N+ SUBSTRATE

L : v L METALLIC CONTACT
Figure 4.3 Planar constructed PIN diode

3) The beam-lead PIN diode as shown in figure 4.4 is a planar
PIN -diode with both,qontactston the same side of the silicon
wafer. This device is well suited for series mounting in hybrid
IC circuits. The main .advantages are that fhey can be made
extremely small with very low junction capacitance, and that
the mounting configuration results in a minimum of lead induc-

tance.
o(LI(‘O‘\l CHIP
ANODE BEAM CATHODE BEAM

‘- CONTACT \ r'"'f’"'": / CONTACT

L__L__l /

L
=

=

P+

Figure 4.4 " Beam-lead constructed PIN diode

These devices are generally used in high frequency applications

in microstrip circuits.
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PIN diodes are available as chip devices_or mounted in a
vériety of microwave packages which provide a hermetically
sealed environment for ﬁhe chip which allows for mounting

in coaxial, wavequide, stripline and microstrip cirquit.

The electrical effect of the package is to add a shunt package
capécitance (Cp) across the junction and a léad inductance
(Ls) in series with the junction. Both these effects limits
lbandwidthvbut if they are well defined they can be designed
for in their respective‘circuits.Cp and Ls vary from package

to package.

Figure 4.5 shows the equivalent circuit for a packaged PIN

diode in the forward and reversé biased states.

Ls

; ? Rill)

a) REVERSE BIAS b) FORWARD BIAS

Figure 4.5 The equivalent circuit for a paCkagéd PIN diode

It must be remembered that this is the simplest form of the
model. The model changes according to the specific package.
The capacitor Cj is given by:

£A

Cj = e

Dielectric constant

A
Wx

Area of Intrinsic layer

Width of I-layer

The diode series resistance (Rs) is the sum of all the
resistances of the undepleted silicon regions and the contact
reéistance of both ohmic contacts. The reverse biased PIN
diodes block RF transmission when placed in series with a
transmission line, and permits RF transmissidnﬁwhen placed in

shunt with a transmission line.
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4.2 . Transient:Properties

When a PIN diode is switched from the reverse biased state to

the forward biased state the transient Qccursvrapidly. Carrier
injection occurs almost 1mmedlately, and the carrier concentration
in the intrinsic region grows to an equ111br1um state. A finite
amount of charge must be transferred in order for the junction

to reach its equilibfium forward-bias value. The speed of the
transient depends on the time constant of the PIN diode and bias
nétwork, with an almost negligible deléy due to the diode's

junction effects.

When a PIN diode is switched from a forward biased state to a
reverse biased state, immediately after switching the diode can
support a high value of reverse current from the charge that is
stored in the I-region. The carrier concentration slope then
adjusts itself to support'a reverse current by diffusion from
both edges of the I-region. The stored charge depletes itself
by two mechanisms. The -first is the charge removal caused by
the reverse current and the second is the decay of the injected
carriers by recombination in the I-region. This recombination
proceeds with a time constant'TL, which is the average'lifetime
of . a charge carrier in the I-region before it recomblnes Fiqgure
4.6 shows a typical switching transient of a PIN diode when

switching from a forward current to a reverse current.

It
A

'i"———‘ 'fs

S }

H"Ts'P‘l t— Tt

vy

l
. .
VF =—— : >t
3 \:
. 1
=V, L }
If = Current under forward biased condition
Irs = leakage current under reversé bias condition

Fiqure . 4.6 Switching Transient of a PIN diode
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The length of time the current Ir can be sustained is called
the storage time Ts which is a function of both If and Ir
since If determines the amount, of stored charge and Ir deter-
" mines its rate of removal. The transition time Tt is usually

very much smaller that Ts.

The type of PIN diode.driver determines the switching speed

to a large extent. Drivers with high values of Ir or with
spiked leading edges on their waveform are used to minimize
reverse switching time.: The limiting factor is the minimum
time it takes for a carrier to transmit the I-region at max-
imum saturation voltage. The width of the I region determines
the minimum speed with which the diode can be switched as

well as the breakdown voltage. It :should be noted that the
switching speed of a diode decreases as its power hahdling_

capacity increases.

4.3 : Power Handling

There are two factors which determine the power handling
capability of any PIN diode. The first and most common is

the maximum junction temperature at which the device can
operate with full réliability. The second is the péak voltage
that the device can be subjected to without causing damage

to the junction.

4.4 Package Parasitics

Figure 4.7 shows the complete schematic for a PIN diode.
The parasitic components can be tuned out by externally
placed capacitance and inductance as shown in the figure

below.
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Cp ; .
y - Lext

{PACKAGED, |
{PIN

lD'ODE __l

!
% Cext
!

o
Rs = series resistance
Cj = junction capacitance
Ls = lead inductance
Cp = package capacitance

'Figure 4.7 Equivalent circuit of a packaged PIN diode

with external tuning.

If the case parasitics are not tuned out their effects become
noticeable as the ffequency increases. Lext is used to parallel-
resonate the package capacitance and can be realised by a stub

of critical length elaced at a certain distance from the device.

Cext is used to series-resanate the lead'inductance;

In the design of 01rcu1ts using PIN diodes. the parasitic elements
play a large role A practlsed design technique is not to use
the theoretical model of the packaged PIN diode but to character-
ise it in terms of the S-parameters measured on a S-parameter
test set.  Once this is done full use can be made of a software

package such as TOUCHSTONE or COMPACT.



An, alternative theoretical equiVaient circuit for the PIN
diode is shown in figure 4.8. The literature seemed to

indicate that this is the preferred model.

1|
i R
o {DCD f AV\F’ .
> Y
| C

Figure 4.8 An‘alternaté theoretical model for the PIN diode

4.5 The HP 3141 shunt mounted PIN diode

“"The HP 3141 PIN diode is of the oxide passivated mesa design
which is enclosed in a package. See appendix B for specifica-
tions. The package is mounted directly onto the ground plane

which facilitates the shunt operation.

The characteristics of the PIN diode that were investigated are

as fgllows;

i) the effect of different biasing _
ii) the impedance variation over the ffequency fange
2GHz to 6GHz 7
iii)’  the variation of'characteristics from device to device.
All the tests made use of the transistor test fixture. A

ground structure was machined from a brass plate as shown in
Appendix B. A specially'adépted microstrip board was also
fabricafed which allowéd a diode to slot into place easily.
The bias current was applied through the biasing ports of

_the s-parameter test set.

The'référénce plane was first set by placing a short 'in the
diode slot. The mechanical slider which moves the reference
"plane was then adjusted to get a constant phase'shift indepen-
dant of frequency. The s—péfameters measured with a diode
inserted will.be that of'tﬁe device only without ‘any small

section of transmission line.
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The Accuracy Enhancement package requires
measurable open circuit, short circuit and 50 ohm through
line terminétions as well as the type of connector used in the
calibration routine. The first three conditions can be met

but the connector cannot be accommodated on.the slotted micro-

strip line.

A éolution is to calibrate the system without the test fix-
ture connected. This allows the APC-7 calibration kit to be
used. The reference plane is then extended 1in software to
obtain a constant phase shift which is displayed on the print-
out. It is a matter of trial and error to reach the correct
extension. A reference plane extension of 28.35cm was found
to give the flattest phase response as shown in figure 4.9.
The S—parameters that were generated were later Qsed in creat-

~ing an S-parameter file on the software package TOUCHSTONE.

- This is shown in Appendix B.

. -Sa+T
N
m
g. —7at .
hj .
W —-10E 1
o
Do}
_‘ -
-1347¢
= ‘
= I
ur ] -
—=-1&2 1 e
LIJ ,—-——"-_—-"—-_—-—’——"—-——"_—""_q__p—-—-__ e
V4 ] -
~-134 4 t $ ot b et |
2 L4 rdiy A

Freauency C(LGHzZ)

Figure 4.9 Phase response generated with a short and

reference plane extension of 28.35 cm

Another method of getting around the problem is to ad just
the referencé plane on the s-parameter test set to half
that of the software extension. The physical extension 1is
half that of the software extension because return loss is
being analysed where the signal has to travel to the device

and back for a measurement tb take place.
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When the shunt mounted diode is forward biased it ideally
presents a shortvcifcuit to ground. In practice a very low
but finite impedaﬁcevis realised. This implies that the
signal is not transmitted from the input to the output of

the microstrip circuit. A measure of how good the short
circuit is, is determined by the isolation between the input
and output ports or alternatively the insertion loss. This

is determined'by_the bias current. The insertion loss changes
as the forward bias current is varied between zero and ten

milli-amps. Overvten'milli-amps a diode can be considered to

-, be switched on fully and a further increase in current has a

very small but finite effect on the diode impedance. It was
"decided that an operating current of approximately fifteen
milli-amps would SQFFice for all tests. Figure 4.10 shows
the isolation that is presented from one diode when the

current is changed in steps of ten milli-amps.
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Figure 4.10 Isolation versus bias current on the HP 3141
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In the reverse bias condition no difference in the response
was observed as the reverse voltage was increased from zero
volts. The insertion loss results as shown in figure 4.11
from which it can be concluded that very little signal is
lost due to a mismatch in the 50 ohm line or attenuation

through the PIN diode package.

A 17
o i -
3 {'I)'I
1 j"lh". ‘5'.‘ L‘"Lﬂi] -«",J "' A . )
o T Y \; Vg
(9:: _“l i ) “l \ "-$ ’; 'll
S0 VAL
z ] %/ h" AYAR
o ] oo \/s
L] 1
— ; 'j Y.
o -1 T
L ¢ )
w
z
- Qe et N B St e

L4-sdie .
Freauocncy (GH=x?2

Figure 4.11 Insertion loss for the reverse biased HP 3141

PIN diode.

The reference plane extension is very critical when measure-
ments of impedanée are being performed which use the modified
accuracy enhancement package. Figure 4.12 illustrates how
the impedance varies when the extension is varied by .2Z2cm in

software.
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-Figure 4.12 The effect of mOving the reference hlane on the

~impedance.

The trace of -.2cm gives the flattest impedance response and
the reverse biased diode has an impedance of 50 ohms with a
5 ohm variation. The forward biased diode has a maximum res-

istance of approximately six ohms.

Six diodes were tested and they were found to give the same
response with a variation of not more than one ohm variation
from diode to diode over the frequency range. (See Appendix

B for the listings of the impedances)

The theoretical equivalent circuit as shown in the data sheet

is shown in figure 4.13
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Figure 4.13 The Theoretieal_equivalent circuit of the

HP 3141 PIN diode

4.6 ‘The Beam lead series'mounted PIN diode

Two slightly different beam lead devices were available;
1) ALPHA INDUSTRIES DSG6474 silicon oxide passivated beam
lead and 2) MA-47301 which is a silicon nitride passivated

beam lead. See Appendix B for specifications.

These devices are extremely small as can be 'seen on' the
specification sheets. This leads to the small peresitic com-
ponents- but the handling of these devices are difficulﬁ and
great care has to be taken in fixing them into p031t10n A
few different methods were tried with low temperature salder
and a hot plate, however the best system is to use ordinary
solder with a very small temperature controlled soldering

iron. The soldering was done under a microscope.

The S-parameters were not measured fof design purposes. The
theoretlcal model as shown in figure 4.5 was used to generate

the S-parameter files for the reverse and forward blased cases.
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Program 8 as shown iﬁ Appendix A was uéed for this purpose.
The component values used are not exactly the séme as those
stated in the specification sheets. The worst case values
were used which still resulted in the measured resbonse
looking like the predicted response as shown in chapter 6 for

the SP4T switch.

4.7 _ Discussion

The series mounted diode operates in a reverse manner to the
shunt mounted diode regarding the biasing. For forward biased
conditions there is a transmission of microwave signal from
the input to the output. This becomes significant when the
series mounted diodes are usedvtogether with shunt mounted

diodes.

The power handling capacity of thé series mounted diode is

far lower than that of the shunt mounted type. (Power dissipa:
tion for the HP 3141 is 1 Watt and for the series mounted type
is 250 MilliWatts). Isolation is generallybetter for the shunt
mounted diode. Switching times vary depending on the diode con-

struction but no tésts were carried out on switching speeds.

It must be noted that only small signals are being tested thus
the reverse biased condition on all the diodes discussed can be

achieved by applying zero bias.
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5. THE SINGLE POLE SWITCH USING SHUNT MOUNTED DIODES

A single pole double throw (SPDT) switch was initially of
main interest. A transmission line layout of the switch is

shown in figure 5.1.

’ i k/l’ ] | X/[(. i
OUTPYT,__] ! 1 outeut
PORT 1 !

ORT 1 >//( ,/j e FORT 2

Switch /‘\Tl‘ans‘mission
‘ Line - ‘
INPUT PORT

Figure 5.1 A transmission line layout of the SPDT switch

When one switch is closed (ie the transmission line is short
circuited) the quarter wavelength section transforms the .

short circuit to an open circuit at the junction. This causes
"all the signal at the input port to travel through to the out-
put port which has the open switch. The major problem is |

that the quarter wavelength sections are only quarter wavelengths
at one particular frequency, but if the impedances were altered
- and an impedance matching section wasyinserted in the input port
line, then a broadening of the bandwidth results. [20]. Figure
5.2 shows the response of a SPDT switch with 35 ohm quarter
wavelength sectionsAés shown in fiqgure 5.1 with an additional

35 ohm quarter wavelength section in the input pbrt line connec-

ted directly onto the junction.

Das11)
SP0T

0. CE~CD .

=-20. O

-40. Gt ’
© 2.8 4.0ty . G. buy
FREQ-GH2

“Figure 5.2 The response of a broadbanded SPDT switch



The microstrip 1ayout is shown in figure 5.3 whefe the

3 5 ohm sections are &4mm wide and 13.3mm long. (A quarter
wavelength at 4GHz). The notch at the junction is to
improve the response [4] page lllL

—

Diode posifions

AT RS v g

Figure 5.3 The microstrip layout bF\the SPDT switch

When one PIN diode is forward biased the circuit can be
considered as a length of 35 ohm line section terminated
on both sides by a 50 ohm line with a 35 ohm short circuited

stub situated midway along the lower impedance line.

A single Pole three throw switch was investigated in soft-
ware and it was found that, even after optimization,'the
frequency bandwidth never reached that of the SPDT configura-
tion. The best response that was obtained is shown in figure
5.4.

L. 3c<CC,.

-43.CS -
L33

. 6. 000
FREG-GHZ

Figure 5.4 The theoretical response of a single Pole three

throw switch using Shunt mounted diodes

50
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Also the quarterwavelength lines did not remain at 35 ohms.

The drawback of this is that multiple throw switches cannot

be built up as required using lengths and impedances previously

defined.

A possibility is to use the SPDT switch . as a building block

for multiple throw switches. See SP4T switch constructed with

shunt PIN diodes.

5.1

The first SPDT switch fabricated

A SPDT switch as shown in figure 5.3 was fabricated.

5.3 is the artwork used in

exact dimensions are shown

The SPDT switch with ideal

+ .50 ohm through line and no
how the response compares with the theoretical response. The

0. CE+LO

-20.00.

-40, 50

(Figure

the manufaéturing process)  The

in Appendix C.

components ie a physical short,

capacitors, was tested to see

two plots are shown in figure 5.5.
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measured and predicted

- SPDT switch with ideal components

The theoretical response generated on TOUCHSTONE is shown on the left, the

plot on the right is the measured response.
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The TOUCHSTONE program is shown in Appendix A Program 9

The measured response agrees with .the predicted response

in shape but not in magnitude.
approximately 12dB in the middle of the range.

entire frequency response is shifted down by about

The return loss drops to
Also the

.6GHz.

When 22pF DC blocking capacitors are soldered into place

over lmm gaps in the 35 ohm transmission lines the response

is substantlally worsened as shown in figure 5.6.
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Figure 5.6 The SPDT switch with ideal components and DC

blocking capacitors.

This could be_dué fo the capaditors themselves or the size

of the microstrip gaps over which they are soldered or the
Also the notch at the junction

soldering techniques used.
It was found that by remov-

has an effect on the response.
ing the notch when the capacitors were inserted improved

the response slightly.

One PIN diode was inserted in the place of the physical

This allowed forward biasing to take place through

short.
which results

the biasing ports of the s-parameter test set,

in no capacitors being mounted. Program 10 (Appendix A)

predicts this response where the measured s-parameters of
the forward biased PIN diode are used. ‘Figupe 5.7 displays

the predicted and the measured response respectively
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Figure 5.7 The SPDT switch with one forward biased PIN

diode and no capacitors

Figure'S.B shows the measured response of one reverse biased
PIN diode and a physical short. In actual fact the diode had

zero bias applied, because the sweep generator only supplies 10 dBm of
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Figure 5.8 The SPDT switch with one reverse biased PIN diode

and a physical short.

The theoretical models of the HP3141 diode as shown in. figure
4.13 was inserted into the programs to replace the measured
s-parameters to see if the hredicted response would follow

the measured response more closely. It was found that the
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" difference between the theoretical response generated with the
use of the PIN diode model was*yery_similar to that predicted,

using the measured s-parameters of the diodes.

The conclusion that was made is that TOUCHSTONE can be used to
develop circuits but the theoretical results generated only
give an approximation to the real response. This allows a com-
puter analysis of circuit configurations to be optimised and
will show which circuits offer wider bandwidths. However, the
exact bandwidth of the insertion loss, return losg and isola-

tion cannot be predicted.

The response of the SPDT.switch‘with ideal components'as shown
in figure 5.5 does not have the required bandwidth. The basic

circuit has to be developed further.

5.2 Development of the SPDT switch with the use of stub
R matching. o

The PIN diodes are not perfect short circuits and open circuits.
This is mainly due to the parasitic components. It is thought
fhat stub matching can be used to match out the barasitic com-
ponents of the diodes as well as to broaden the bandwidth of

the basic circuit.

The equivéleht impedances for the forward and reverse biased

HP3141 PIN diode calculated directly from the model is:
For the forward biased case
ZIN = 0.865 + j 4.248
For the reverse biased case
ZIN = 46.53 + j 6.73

To match out a reactance of j 4.248 a reactance of - j 4.248

szt be added in the form of an open circuit stub.
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From the open circuit stub equation

ZIN = - jiI, cot 2mg

For Z, = 84 ohms £ = .242XN

The problem is that a stub required for the forward biased
case is not the same as that required for the reverse biased
case. Therefore the easiest and simplest way of designing
is to use a software program such as TOUCHSTONE where ex-

tensive useis made of the optimization routine.

5.2.1 ’The.design process that was followed

Ideal lossless transmission lines were initially used to give
" an indication of the best configuration to develop further with

the microstrip software commands.

The basic SPDT switch with the theoretical PIN diode models
was first optimized as shown in Program 11. A fairly broad-
band response was obtained as illustrated in figure 5.9(a).
The line lengths between the diodes and the junction are
decreased from the quarter wavélength due to the PIN diodes

having a small section of 50 ohm line as shown in figure 4.13.

The 50 ohm transmission line in the model is approximately
26 degrees in the forward biased case and 30 degrees in the
reverse biased case at 4GHz. Therefore a 60 degrees length
is required to/make up a quarter wavelength section. The

TOUCHSTONE program verified this.

Open cifcuit stubs were introduced at the point next to the
PIN diodes on the 35 ohm line. Program 12 illustrates this.
The respohse shown in figure 5.9b resulted. The trace shown
with squares is that of the response using the measured
s-parameters of the PIN diodes. Other stubs were then intro-
duced on the other side of the diodes reéulting in the plot
shown in figure 5.9c. Program 13 was used to generate this

response.
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Program 14 was used to optimize the response of a SPDT switch
with a stepped impedance change in the quarter wavelength
sections between the junction and the diodes. The response
is shown in figure 5.9(d).
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-the PIN diodes '

—-— Response obtained using the PIN diode theoretical model

Figure 5.9 Responses obtained using different Stub matching

configurations in the SPDT switch.

Different combinations Qere tried, and it waé decided that

the SPDT switch with open circuit stubs on the low impedance
side of the PIN diodes held the most promise for further

" development. Figure 5.9b displays a lafge discrepancy between
the responses using the PIN diode models and the measured
s-parameters for the diodes, but it was hoped that the real

response lies somewhere between the two.
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5.3 . The second SPDT switch fabricated

The circuit described in'ProgramblZ (response shown in figure

5.9b) was transformed into a microstrip circuit, as shown in

Program 15, to obtain higher accuracies. Extensive optimiza-

tipn was employed to obtain the results shown in figure 5.10.
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Figure 5.10 The optimized SPDT microstrip circuit

The aﬁtoCAD software which is a draftsmans package was used to
draw the microstrip circuit to the highest possible accuracy.
The drawing was photo-reduced by a factor of four to increase
the accuracy further. The microstrip layout is shown in figure
5.11. : The matching stubs were angled to keep them clear from
the machined grooves which Ffacilitates the mounting of the

PIN diodes. The exact dimensions are shown in Appendix C.

o N —-] .
' |

)

Figure 5.11 The microstrip layout of the second SPDT switch
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~After optimization the resulting branch impedances are
higher than 35 ohms. Due to the nature of the optimization
process there is' no logical impedance matchingAprocess that
can be followed on a Smith Chart or any other means. The
results generated is based on a trial and error process
which obtains the best response for the given configuration
and constraints. It does this by systehatically changing
the length and impedance of the transmission line elements
and checking the resulting response until the required con-
straints are achieved. This is not a fool proof method
because it might not be physically possible to obtain the

desired response -for a given circuit.

The entire circuit was fabricatedeith the DC blocking
capacitors (ATC-A 22pf) as well as the bias circuits. The
ferrite cores with lengths of thin wire was used for biasing.
The measured response is shown in figure 5.12. The traces in
the return loss plot was generated by each of the two Chahnels
biased in turn for transmission. Figure 5.12 b and 5.12 ¢

illustrates . the measured isolation and transmission respectively.
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"Figure 5.12- The measured response of thé second SPDT switch

using shunt mounted diodes

When a, comparison is performed -between the predicted response
(as shown in Figure 5.10) and the measured response it can

be seen that the measured response is shifted down in frequency
and does not obtain the return loss predicted. The freduency
bandwidth of one and' a half octaves is reached if the bard-
width is defined as the return lbss beter than 10dB in the

measured case.
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TOUCHSTONE predictéd that the response should not be degraded
by the DC blocking capacitor as shown in figure 5.6. Different
capacitors were tried in different positions along the quarter
wavelength. It was found that the 22pF capacitors gave the
best results and the exact position and orientation did not

have a marked effect on the overall response.

The soldering process seemed to have the largest influence on

the results. If the measured requnse looked totally different

to the pfedicted response then the capacitors were removed and
resoldered, which would usually improve the result. Alsb differ-
ent gap widths, over whlch the cap301tors were soldered, were
trled. It was concluded that the actual soldering was more
important than the gap size and the capacitors must be soldered

so that there is minimal gap between the capacitor and-the
dielectric substrate. The best capacitors for this purpose

‘would be the Gapcaps as shown in Appeﬁdix C but none were available

for testing.

5.4 The third SPDT switch fabricated

The measured response of the previous SPDT switch is shifted

down in frequency when compared to that of the- de81gned 01rcu1t
It was thought that if the circuit was designed with a frequency
offset then the required response would be obtained. TUUCHSTONE.
was used tq'optimizethe bandwidth from 2.25 GHz to 7.5 GHz to

geheréte the response shown in figuré 5.13.
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Figure 5.13 .The theoretical response of the third SPDT switch



The microstrip layout is shown in figure 5.14,

the exact

dimensions of which are shown 'in Appendix C.

The measufed'response~is shown 1in figure 5.15.
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The response of the third SPDT switch has no improvement over

the second switch. The reasons for this are thought to be;

1) The OC blocking capacitors.used do not operate above 5GHz.
2) The PIN diode models and s-parameters are inaccurate.

3) Inaccuracies were introduced in the fabrication process.
4) Inaccuracies in the software package for T-junction and

open circuit stub corrections.

5.5 The Single Pole Four Throw (SP4T) switch constructed
with shunt PIN diodes. |

The microstrip branches are different for different numbers of
throws in a switch as discussed previously. A means of using
SPDT switches for building up multiple pole switches which

have an even number of output ports are considered.

The SPDT switch is used as a building block and in the soft-
ware development'the theoretical s-parameters of the third

SPDT switch was used. ( See Program 16). Additional matching
stubs were placed betweén the building blocks to try and improve
the response further. . The theoretical response is shown in
figure 5.16, the microstrip layout is shown in figure 5.17 and
the measured response in figure 5.18. '
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Figure 5.16 The theoretical response of the SP4T switch
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The measured response is poor. The réturn loss'extends belaow

10dB (ie a VSWR worse than 2:1). The responses from all ports

switched on in turn are very similar therefore it is not neces-

sary to display all of
predicted curves. The
in section 5.4 as well

required.

The major disadvantage
the switched off ports

for a port on the same
| than for the port that
path.

them. The isolation does not follow the
reasQns could include those as mentioned

as the bias lines do not perform as

of this system is that the isolation of
are not all the same. 'ie The isolation
SPDT switch that has thé 0N path is lower

have two forward biased.diodes in their
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6. THE SINGLE POLE SWITCH USING SERIES MOUNTED DIGODES

The basic switch using series mounted diodes is inherently
broader in bandwidth compared to the shunt mounted case due
to the fact that there are no line lengths that determine |
their operation. The only frequency dependant components
are the parasitic components of the PIN diodes, which are
much smallef than in the packaged sﬁunt diode, but which

stillAdegrade.the response as the frequency increases.

The theoretical model of the series'PIN diode, as described
in chaper 4, is used in the TOUCHSTONE prograﬁ (number 17)
to generate the response of a SP4T switch. The number of
throws of a switch alters the response slightly if at all.
The only limiting factor is how close together the microstrip
"+ lines can be placed at the junction. The layout of a SP4&4T '
switch with 50 ohm lines is shown in figure 6.1, the theoretical

response of which is shown in figure 6.2.

Figure 6.1 The,miérdétrip layout'of a SP4T switch using

series mounted diodes
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Figure 6.2 The theoretical response of the SP4T switch

using series mounted diodes
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Both the Alpha 6474 and the MA47301.were tested. Firstly one
diode was soldered info place to make up a single pole single
throw switch. The tests were run to give the results shown in
figure 6.3. The forward bias current was set at 12mA. Figuré
6.3b illustrates the isolation of an OFF path and figure 6.3c
shows the insertion loss of an ON path when the second, third
and fourth diddes were inserted. The responses did not change
noticeably when more paths were added to the switch. This is
true for both_tfpes of diodes.

ar

¢

)
e
)
{
\\_‘\

n

@
= =
e

RETUREN LSS {dg

o

()

1 L6rdiv
Freauency (GHZ)

(a)

~ 8T . ~ )
[ ! @
o o
> 71t . ~ 3 y
n y W {/J\\ .
© © ¢ \
c 147 » R ; o 1.2 N
- . . ——~
- /\/\/b.o\/"/ = \,.,-\/ \\
o 21 o 1.5 *
C 7 = \r
e, //’ "o, )\g/
us 28 '/ - w 2.4 v
o L/ u_) .
- 25 + + - 3 +
i LErdiv ? 1 LErdiv 7
Freauenay (GH2Z) Frequerncy LGHzDY

(b) 2 NS

Figure 6.3 The measured response of the SP4T switch éontaining

series mounted diodes.

The measured response is similar to the pfedicted response Which
implies that thé<ﬁodel used for the series mounted PIN diode is
accurate enough to dévelop other circuits. The return loss
plots do not follow one another exactly but they are both better
than 15dB. '



6.1 : Discussion

-

The switches containing the series mounted dibdes are advan-

tageous in that they are simpler in construction and broader
in bandwidth. The isolation for an off path in the shunt
mounted diode switch is higher than in the series mounted
case. The optimum bandwidth that was obtained in the shunt
mounted case was just over one octave (2GHz to 5.1 GHz).

In the series mounted case a bandwidth of 1 GHz to 7 GHz is
easily obtainable with the isolation ranging from 32 dB to

15 dB respectively.

The hajor disadvantage with series mounted diodes is the

67

limited power handling capacity due to the poor heat sinking.

The maximum power rating is in the order of 250 milli-Watts.
However the shunt mounted diodes are mounted directly onto
a heatsink which enables them to handle powers in the region
of Watts. (The MA-4P505 shunt diode is rated at a maximum
power capability of 10 Watts but has slower switching speeds

compared to lower power shunt mounted diodes). -
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7. ~ISOLATION

A major constraint.of the multiple pole switch is to present
.an isolation of more than 60 dB for a switched off path.

The isolation of an OFF path in the shunt mounted diode
switches varies between 34 dB and 20 dB and in the series
mounted case between 32 dB and 15 dB. It is therefore a

common problem in both these circuits.

To achieve the requifed.isolation more than one diode in

each branch is necessary. Diodes can be connected together
in microstripin various series and shunt combinations. There
are numerous configurations all of which must be fully in-
vestigated, therefore there is a separate chapter on isola-

tion.

7.1. ‘The investigation of the different diode combinations

A simplification is made to the analysis by considering the
diodes as resistors. Consider two small resistors situated
a certain fraction of a wavelength apart on a 50 ohm trans-
mission line. Reference [19] page 24 shows that for shunt
mounted diodes, a quarter anelength separation gives thé
highest possible isolation. Even though quarter wavelengths

" are involved the isolation is fairly broad in bandwidth as
shown in figure 7.1 where not more than a ten percent fluctua-

tion occurs over two octaves.
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Figure 7.1 Isolation of two shunt mounted diodes

(from [19] page 24).
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When a series moﬁnted reverse biased diode is followed by

a shunt mounted diode as shown in figure 7.2 the isolation
varies between 31 dB and 55 dB when the separatioh is varied
between a quarter wavelength and a half a wévelength res-
pectively. A frequency analysis with'the full diode model

is performed later where the separation is set to zero.

1000 ohm
—AA

—_—
0

‘J A A! —
%?Uni!:
i

o a3

Figufé 7.2 Series and shunt mounted diodes situated on a

transmission line with a certain distance of separation.

If a series mounted diode is placed a quarter wavelength
from another series mounted diode then an isolation of 47 dB
results which drops to 26 dB if the separation is increased

to half a wavelength.

The method of how these isolations are calculated is illus-
trated in the following example. Two low impedahces situated
a quarter wavelength apart are connected onto a 50 ohm trans-

mission line as shown in figure 7.3 a.
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Figqure 7.3 Two low impedances situated \/4 apart on a

transmission line.

In figqure 7.3 a) the 1 ohm and the 50 ohm resistances are
in parallel. Figure 7.3 b) results where a 1 ohm and a
;98 ohm resistance.are spaced a quarter wavelength apart.
When the quarter wavelength transformation is done figure
7.3 c) results. Theréfbre the effective resistance seen
at the termination is 0.9996 ohms. This results in a

reflection coefficient of 0.9608.
Power reflected =‘P = .923 Watts.

If l‘Watt of power is applied at the input then .076 Watts

is transmitted onto the resistances. This transmitted power
is distributed to the 1 ohm ahq the 2551 ohm resistors in the
ratios 2551/2552 and 1/2552 respectively. The power is then
distributed again onto the 1 ohm and the 50 ohm resistors in
the ratio 50/51 and 1/51 respectively. . Therefore the power
transmitted onto the 50 ohm line’after thektwo 1 ohm resistors
is .58 micro-Watts which results in 62 dB of isolation, which
is more than double the isolation presented by one 1 ohm

‘resistor.
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TOUCHSTONE was used to investigate the frequency response.
The theoretical s-parameter files for the series mounted
diodes were used and optimization of the diodevseparation'

was performed.

Program 18 analysed the series mounted diode followed by a
shunt mounted diode in a SP4T configuration. The best isola-
tion was obtained when there was no separation between the
diodes, as shown in figure 7.4a. In practice the shunt
mounted PIN diode package does not allow this to be physically
realizable. When the distance was set at half a wavelength

a éeparation of 16.24mm was found to be optimum. This res-

" ponse is shown in figure 7.4b. When this separation is added
to the parasitic line length in the shunt mounted diodes the

total length is approkimately 2/5 of a wavelength.
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Figure 7.4 Response of the SP4T switch which consists

of series mounted and shunt mounted diodes.

The TOUCHSTONE response with two series modnted diodes
following one another in each branch of a SP4T switch is
shown in figure 7.5. A separation disténcevof'lOmm was
found to give the broadest response. This is shorter than
~the quarter wavelength used in the preQious analysis. The
difference in length is due to adjustments made to accom-

modate the parasitic components.
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Only three ports were tested and transmission and isolation
tests were carried out on each port in turn. FEach diode

was biased individually where the series PIN diodes were
biased with approximately 15mA and the shunt PIN diodes with
40mA. The biasing currents were set higher than normally
practised (usually set at 10mA) in order to obtain a low in-
sertion loss for a transmission path and high isolation for a
switched off path. With the correct orientation of the diodes
all the diodes in one branch can be switched for either isola-
tion or transmission simultaneously, in this case DC blocking
.capacitors_were placed between the diodes to facilitate in-

dividual biasing.

The measured responses are showﬁ in figure 7.7. fhe return
loss does not follow the predicted response exactly but it

is almost better than iOdB over the range. The plots for all
the ports are similar except for the isolation. Figure 7.7c
and 7.7d show the measured isolation. for two différent ports.
All the other ports with different branches iﬁ the transmission

mode are similar to one or the other.
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Figure 7.7 The measured response of the SP4T switch containing

series and shunt mounted PIN diodes.
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The measured isolation follows the trends predicted but there
may be a number of reasons for the sharp dips and jumps in

the curves.

7.3 The SP4T switch using three diodes in each branch

The isolation €éncountered thus far only approaches 60dB

over part of the range. Ffor the isolation criterion to be
fulfilled a third diode has to be added to each path. The
simplest switbhvéonfiguration as far as construction and bias-
ing is concerned, when dealing with the basic series mounted

diode-switch, is when only series mounted diodes are added.

When three sefies diodes mounted on ‘a transmission line is
analysed an isolation of 73dB is obtained. A TOUCHSTONE
program (program number 19) generated the response fof a SPa4rt
canfiguration usiﬁg three series mounted diodes in each branch.
Figure 7.8 demonstrates that slightly better isolation is
obtained over the rénge if the diode seperation is less than

a quarter -wavelength. (ie 10mm instead of 13.4mm)
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Figure 7.8 The theoretical response of the SP4T switch

containing three diodes in each branch

The TOUCHSTONE program does not show an isolation of 73dB
as predicted previously. This could be due to the parasitic
components in the diodes as well as the interaction of the

different paths in the switch.
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Figure 7.10 The measured response of one, two and three diodes
in a SPST switch.

The bias circuitry (the ferrite bead with thin wire) was removed
to cause the diodes to be in reverse bias. This increased the

isolation considerably as shown in figure 7.11.
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Figure 7.11 The isolation of the SPST switch without any bias

circuitry.

It is concluded that even though the bias circuits presents

a high impedance to the 50 ohm line they still couple to one
another to transfer a small amount of energy from input to out-
‘put. When considering isolations of 40dB and more the signal
“strength is small enough for any coupling to be critical.

This was occuring in section 7.2 which caused the isolations

to be different.

Above 5.2 GHz the isolation without the bias circuitry is
degraded to approximately 42dB. It is thought that this is
due to electromagnetic coupling between the input and output
ports. An experiment to support this theory was to place an
Aluminum reflecting plate a few centimeters above the micro-
Istrip board. As the distance between the Aluminum and the
board was changed, so the isolation changed which illustrates
the different degrees of coupling. When microwave absorbing
material was placed above the mlcrostrlp the isolation 1mproved
" Transmission characteristics were examined and they were found.
to be altered negligibly with the absorbing material and the
reflecting material. This implies that the discontinuity of

. the open circuits cause energy to be launched into free space.



79

7.4 The investigation of the isoclation problem

For all the previous tests the bias liﬁes wereAsituated

approximateiy 30 millimeters apart. It was initially thought
that if the biasing wires were soldered onto the 50 ohm line
at a greater distance from each other then the isolation will

be improved.

A straight 50 ohm line 68 millimeters long was constructed on
board with a dielectric constant of 2.2 to make a SPST switch.
The diode sldts were set at 10mm apart. It must be noted that
for isolation investigations. no diodes were soldered into the

slots that were cut.

Tests were run at all the intermediate stageé<of construction.
‘Isolation increased from one slot to twd, but there was no vast
improvement with three slots. The influence of the bias lines
wereAclearly seen. The microwave absorbing material has-the
effect of flattening out thevisolation curve but it does not
improve the overall result. The distance between the slots were
changed as well as the 310f sizes were increased and made into
"Vees".in_the microstrip line. - None of’whicﬁ improved the

isolation noticeably.

It was thought that surface current existed on the low dielec-
‘tric board (dielectric constant = 2.2) which degrade the isola-
tion. Also if the field lines were more cohcentrated then

not as much radiatioh would occur to couple between input and

output ports;

A 50 ohm line wés constructed on high diélectric board (dielec-
tricrconstant‘; 10). The overall isolation does improve but
there are still spikes and.humps in the cufve.. Figure 7.12v
shows the isoiafiontof’oné slot (7;12a) then two slots (7.12b)

and finally three slots (7.12c) where this is clearly seen.
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—Figure 7.12 Tests carried out with the high dielectfic board

The 1solat10n still does not extend beyond 40d8 to 45dB. Itr
‘can thus be concluded that the dlscontlnu1ty launches the

electromagnetic wave to allow it to couple with the 50 ohm line

further down its length. It is-visualized as shown in flgure

7.13. 0Only the electrlc fleld llnes are shown

Copper
" Corductor

Ground Plane

‘Figure 7.13 -Electric field distribution around a slot cut

into a microstrip transmission line
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A ground plane placed around the microstrip board causes the
electric field lines to couple directly to it and not to any
transmission line beyond the slot. This can be considered as
a waveguide operating in the TEM mode below the cut-off |

frequency.

7.5 The micrbstrip'circuit enclosed in a waveguide

The TE,, mode of transmission gives the lowest possible
propogation frequency for a given waveguide structure.
Figure 7.14 illustrates the two possible orientations of

the microstrip in the wavegdide.

~ Waveguide walls

\u
. , ' |
F b,
‘1'_a,H a1 |
| 27
\Micbostrip \
' Line

Dielectric Substrafe

Figufe‘?.la The microstrip enclosed in a waveguide

A waveguide width of 20 millimeters gives a cut off frequency
-of 7.5 GHz. A microstrip line was constructed on low dielec-
tric board with three slots spaced a qﬁarter_wavelength apart.

An aluminium cover was fitted in éuch a way as to allow the
height between the top of the dielectric board and the cover

to change. Ffigure 7.15 shows the isolation measured with a)

no cover and b) with the cover set to a height of 15 millimeters.

The width was set at 20 millimeters.
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Figure 7.15° The microstrip.circuit with and without the

waveguide cover

- The isolatioh did not change much when the height of the cover
was changed from 10 miilimeters through to 20 millimeters.

The results seem to suggest that the aneguide cutoff frequency
is enforced by the width of the guide and not the height.

This is supported by the results obtained by a 27mm wide board.
with a wavegquide cover. These fesulfs,have not been shown.
Bias lines were soldered into place in the waveguide. Their
-overall effect was minimal which.suggests that the waveguide
sSuUppressors ény radiation that is not a TEM wave operating

above the cutoff frequency.

It must be kept in mind that the maximum measurable isolatioﬁ
varies between 60dB and 65dB. This is illustrated in figure
7.16 where the two ports of the s-parameter test set were

totally disconnected and measurements were taken.
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Figure 7.16 - The maximum measurable isolation

The’micrOstrip'circuit enclosed in a waveguide enables the
isolation criterion to be met. The waveguide does not alter
the chapacteristic impedance of the microstrip transmission

line and does not increase the insertion loss.

7.6 The SP4T switch>encldsed_in a waveguide

A SP4T switch which using only series ‘mounted diodes was
constructed on low dielectric board. PIN diodes were not
initially soldered into place but slots a quarter wavelength
apart were cut. A waveguidé system was constructed where the
ground-plane connection was made along the outside of the
dielectric board as shown in,figﬁre 7.17. This resulted in' a
dielectric sheet between the bottom of the wall and the ground'

plane.
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Figure 7.17 The SP4T switch built with waveguide system

The measured isolation is shown in figure 7.18. The response

changes from port to port. Only when good .ground plane connec-
tions were made at ‘the waveguide immediately next to the micro-
strip did the isolation improve to something like that shown in

figure 7.15.

Two channels had PIN diodes‘soldered into place. +Ffigure 7.18"
shows the final measurements that were taken. The tabulated
4measﬁrements are shown in Appendix D. together with the exact

dimensions of the SP4T switch with waveguide.
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Figure 7.18 The final measurements.of the SP4T switch

‘ The return loss is better than 15dB over the range 2GHz to 6GHz.
Transmission losses do not'amouhtvto more than 2.5dB and
isolation of just better than 60dB over the range is obtained.
The bias current was set slightly over 10mA (approximately
lSmA) and a thin quarter wavelengthvof wire shorted to ground
via a capacitor is used for biasing. Above 6.2 GHz the isola-
tion falls to 35dB and the transmission loss increases con-
siderably. This is due to other waveguide modes being propa-

gated;
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7.7 Analysis of the results obtained

The insertion loss of 2dB to 2.5dB on a transmission path

of a switch is due to:

i) Reflection loss
ii) Absorption loss
iii) Radiation loss

These losses can be attributed to the loss in the microstrip
transmission line which are made up of conductor losses and
dielectric losses [15]. Also ths PIN diodes, bias networks

and. the capacitors will contain all tihree losses.

The HP3l41 are rated at 1dB maximum insertion loss. The
series mounted diodes specify an irsertion loss of between

..5dB and 1.5dB depending on biasing.

Ihé measured insertion losé over one path of the SP4T switch
that has been shdrt circuited by a thin wire is shown in

figure 7.19.  The theoretical loss of this 40 millimeter length
of miCrostrip is .2dB ovér.the frequency range in question.

The reason for the spike.occuring at 6.5GHz is due to the con-

figuration at the junction.
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Figure 7.19 The loss measured on a short circuited path of a

SP4T .switch.
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The return loss measuréd was better than 20dB which means
that less than one hundredth of the power is returned to the
source due to mismatches in the configuration. When the
Ferrite bead bias lines were soldered on, the insertion loss

increased by up to one-dB and the return loss was degraded

slightly.

‘The insertion loss with three series diodes soldered into
place is shown in figure 7.20. The dependance on the bias
current is clearly seen. When the bias current was increased

to 40 milli-amps'almost'a one dB improvement can be obtained.
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Figure 7.20 The effect of the bias current on insertion loss

This previous test was carried out with thé bias current being
applied through the biasing port of the network analyser. The
only components that could contribute to the loss is the micro--
strip line and the diodes. Ffrom this it can be seen that the
loss due to the microstrip trénsmission line is‘negligible com-

pared to that of the diodes.

The redason for the poor results obtained from the SP4T switch
containing series and shunt mounted diodes (fiqure 7.7) is

that the bias lines used in that case (the ferrite beads) were
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not performing as required. -Their close proximity caused
microwave coupling and interference from path-to path because
there was one bias system for.each diode. The insertion ‘loss
amounted to approximately 0.6d8 for the series mounted diode

and .7dB for the shunt mounted diode. ' /
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8. - PHASE SHIFTERS

A number of different types of phase shiftefs were . found in
the literature which are all investigated. A bandwidth of
at least an octave and a half is required for many applica-
tions. The different types are investigated, all of which
can utilize PIN diodes mounted in either a shunt or series

configuration.

8.1 Switched-Line Phase Shifters

The switched line Phase Shifters [21] uses two SPDT switches

as shown 'in figure B8.1.

\ R T

| SPOT Switch
Figure 8.1 Basic configufation of the Switched Line
Phaée Shifter

The one path has transmission length £, while the other has

transmission length £ + O£
ThereforeAq? = 2MA L/ N

It can be shown that large errors occur when the effebtive
length of the OFF path is N/2 or multiples thereof. The
effective length is the electrical léngth plus the equivalent
length ofsthe Capacitive OFF diode switches. This method

of phase shifting is a time delay device. ‘Phase shift will be
‘proportional to frequency. If a Schiffman phase shifter [22]

is inserted into one of the transmission paths then a relatively
constant phase shift will occur 6ver a significant bandwidth.
The phase shift is then a lineér function of frequency plus a

sinusoidal function of frequency.



90

The Schiffman phase-shifter_ehployé sections of coupled strip
transmission lines operating in the TEM made . Essentially this
shifter consists of two parallel coupled lines of equal length
connected at one end with a zero léngth strap; The eduations
for the image impedance ZI’ and the phase 6onstént' in terms
of the even and odd mode characteristic impedances of the lines

and their length,

z =. Zoo0 .Zde

Zoe 2

“Zoo .
and cos ¢ = —s —
Zoo

where © = B2 (the’electrical length of a uniform line of length
£ and phase constant B) '

A desirable differential phase response can be obtained by connec-
ting in parallel a coupled line network and a suitable length of
uniform transmission line. The simplest form is shown in figure

8.2.

i T T
veit 4,
360
8¢ 90° é
- (]
300 |- : o /s -
3¢ &
N .
!
5 240 = i —
= 8¢ 290" .
] ° ,
a
- T veit
180 |- ) ]
' I
) &4.-90°
120 - . H v -
60 - / -
[ | !
] /3 /2 2w/3 k4
8 - RADIANS

Figure 8.2 A network and the curves of the phase response

(from reference [22]).
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Input ihpedance of the network is 21/2, a constant impedance

of frequency. The phase shift through the uniform transmission
llne:u;¢2 which is represented by the straight line of slope

k through the origin, where k is the ratio of the length of

the uniform line to that of the coupled lines. The phase shift
through the coupled line portion (¢;) has odd symmetry about
©:- n7/2. It can be seen that Ad):(bz —(I). can be made equal
to the same angle for three desired values of ©. /3, m/2,
2w/3). At other points in the interval ¥/348427/3 and for a
small distance outside this interval, the phase difference,

A¢ will vary from A‘b" by some small amount which is the phase
error. It is-possible to reduce the maximum phase error of
this nefwork by connecting another differentiel phase shift
network in tandem. The optimum option of interconnections

is shown in figure 8.3 with its phase response.
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Figure 8.3 A viable Schiffman phase shifter with the response

from reference [22].

8.1.1 The SPDT switch

‘The SPDT switch as shown in figure 8.1 can utilize either shunt
or series PIN diodes. The cbnfiguration utilizing series
switches may initially be thought to be the most desirable (23]
because the p081t10n of the dlodes trelative to the input and

.




92

output junction does not impose a potential bandwidth limita-
tion as it does in the shunt-diode switch case. However,
analysis of a mathematical model of the configuration utiliz-
ing series switches revealed that it has operating points in
the octave band, at which the isolation between switching
paths become very low. At these points, the phase-shifted
insertion loss becomes high and the phase error large. The
configuration employing shunt diode switches was not found

~to have the same problem.

Bandwidths and maximum phaée shifts have been limited by
resonance effects which cause notches in the amplitude response
and large errors in the phase response. [24]. (This is true
for all types of phase shifters). By.eliminating the resonance
effects, ultra broad-band phase shifters with large amounts of

phase shift become possible.

By using two transfer switches in place of the two single-pole
double throw switches the switched out line may be terminated
on both ends in its characteristic impedances which disallows

any resonance to occur. See figure 8.4.

>—<K:N; qr;xké

N o
>—o<l 0

Figure 8.4 a) The basic circuit. b) An equivalent circuit.

c): One method of avoiding resonarice problems.

In the basic circuit the problem is that when either of the

n2>~ vit'forms a hig‘hQ

two lines has an electrical length of
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resonator when it is the ‘'switched out' line. The open
contacts of the pin diode switches are lightly poupled to
this resonant line which causes a sharp insertion loss
notch in amplitude at the resonant frequency, and large
phase errors near resonance. The alternative circuit
shown in fiqure 8.4 c) eliminates this problem by termina -

ting the "switched out" line in its characteristic impedance.
The advantages of the switch-line phase shifter are [1]

1) The diode contribution to insertion loss is practically

constant in the forwapd and reverse bias cases.
2) The circuit can be fabricated in one plane.
3) The circuit is compact, especially for small bits.
The_disadvantages are:
1) Four diodes per bit are required

2) Complimentary bias signals are needed for each bit

(on and off paths).

3) Phase shift is proportional to frequency unless a Schiffman

circuit 1is used.

4) All bits have as much diode loss as the 180° bit while in
other types of phase shifters the diode losses decrease with

phase shift.

8.2 Loaded-Line Phase Shifters

The loaded-line phase shifter circuit can be realized using

three types of loading configurations [25];

a) Main line mounting type
b) Stub mounting type

c) Switchable stub length type as shown in figure 8.5.



Figure 8.5 Loaded-Line phase shifters -

In the main line mounting lumped reactancés are added to the
diodes. The Loaded-Line phase shifters use two admittances

1

Y. o= Gi + j'Bi approximately a quarter wavelength apart along
a transmission line of characteristic impedance ZT'

94
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The differential phase shift Ad)for Gi = 0 is given by;

| - B o . B,
A ¢ = CO0S C0S© - —SING/ - COS C0SO - — SINO
Y+ ’ Yt

The subscripts "1" and "2" denotes the ON and OFF states of
the diode when the circuit is matched at its centre frequency.
O is the distance between the stubs. Equations for insertion

loss and reflection coefficient can be found in the literature.
[25].

The bandwidth for the three different typés of circuits is
defined as the frequency range over which the phase error is
less than t 2° and the maximum VSWR is £1.2. In the main
line mounted case the bandwidth is 9.1% for 45° phase shift.
The switchable stub type circuit has a bandwidth which is a
function of XR’ XF and‘GS; and will reach a bandwidth of 20%
at best. The stub mounted type will also reach 20%. The
bandwidth increases if the phase shift is lower. Figure 8.6

compares the bandwidth of a 22.5° phase shifter to a 459 phase
shifter. [26].

——22.5° Frase Stulter
. ==-45° Phase Shifier

7 Bandwidth

PSR TN J W 1]
Oy %6 8d 90 155 w0 120 - 130 10
Sutceptance Spacryg dog

Figqure 8.6 Fractional bandwidth of the phase shifter using

single lumped switched susceptances.

(from reference 26)
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8.3 High-Pass Low-Pass Phase Shifters

A Low-Pass filter compfising”of series inductors and shuntj
capacitors provides phase‘delayé to signals passing through it,
and a High-Pass filter comprising of series capacitors and
shunt inductors provides phase advance {21]. By arranging
diode switches to permit switching between low pass and high
pass>filters it is possible to make a phase shifter. that is
smaller than the other types and with a bandwidth almost as
good as the lumped element reflection phase shifter. A '

practical layout of the circuit is shown in figure 8.7.

Figure 8.7 Practical layout of a Low-Pass High-Pass phase

shifter. (from reference [21]). . '

8.4 Reflection Phase Shifters

A reflection:type'Phase Shifter can take the form of a shunt
‘diode with a short circuit behind it, a series diode‘with an
‘open circuit behind it, or a lumped circuit including diode

parasitics terminating the line. [21]. An example is shown

in figure B.8.
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=
(

Figure 8.8 A Reflection Phase Shiftervwith a shunt diode

and a shorted length of transmission line.

The switches backed up by lengths of transmission line

have the advantage that tﬁey are time delay devices giving
wide instantaneous bandwidth while the lumped circuit
versions can be made to give constant phase shift over

octave or wider bandwidths. However mismatches occur between
the terminating impedanée and the perfect circulator or 3dB

coupler which result in large phase errors.

For wide-band phase shifting, the diodes are connected to
the circulator without a length of transmission line behind

them, the "on" and "off" states result in a 180° phase shift.

“Another form 6f the Reflectioq’Phase Shifter is shown in

figure 8.9, [27] where a Branch Arm Coupler is used.

Figure 8.9 Terminated hybrid coupler for reflection phase

shifting.
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8.5 - The Hybrid Coupler Phase-Shifter Circuit

An extension to the idea of the terminated hybrid coupler
for reflection phase shifting as shown in figure 8.9 is
further investigated. The advantage of this method is that

it uses the,least_numbernof diodes per bit. [1]
The requirements for the couplers are;

i) They must provide a 3 dB power split for the two out-
put arms.

ii) Thére must be a 90° phase difference in its output
signals.

"The 3 dB 90° properties of the coupler can be‘realized in
~TEM transmission lines with at least three different types
of circuits. ie The Branch-arm coupler as shown in figure

8.9, the Rat Race coupler [1] and the Backward-wave coupler.

The reflection properties are achieved by the use of an
impedance transfbrming two-part network, which consists of
switchable impedance elements Za and Zb terminating two ports

of a 3 dB coupler. The output signallfrom the hybrid is:

: Vi -
V, = j— {[Ta (Za) + Tb (Zb) ]
- ‘ .
N(z) : reflection coefficients of termination Z. If Za = Zb
there is no reflection at the input. Z contains a semiconduc-

tor element which may be biased to its "of f" or "on" state-

producing impedances Z: and Z: respectively.

The output of the phase shifter will have constant signal
amplitude with phase angle change @. If N (Z,)‘z e Jb‘t;(z,)
Then a 180° phase shift is achieved by switching between an
open circuit and a short cierit. Tuning elements and circuits
may be introduced in order to adjust the amount of phase shift

or improve the uniformity of the reflected signal in amplitude.
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The series inductance; shunt capacitance and resistances
aséociated with PIN diodes all effect the performance of

the Phase Shifter [28]. it is found that shunt capacitance
is the most dominant reactance influencing the phase shift
and it increases the phase shift value. The series induc-
tance reddces the phase-shift value. The bandwidth is
determined by the bandwidth of the hybrid‘cbupler or circula-

tor.

The branch line hybrid coupler can be built on microstrip

but it is limited to 5 to 10% bandwidth. The Rat Race has.

its 3 dB output ports 180°.out of phase. -However the required
phases are obtained by extending the reference plane on one
 p0rt by 90°. The backward wave hybrid coupler gives the broad-
est bandwidth of the three just mentioned. |

A phase shifter which utilizesa power splitter and thfeenReflec—
tion phase shifters [29] holds the most promise in terms of
bandwidth. The different phases are switched with the use of
PIN diode circuits}wﬁich switch in either a short circuit, an
open circuit or a matched load. A schematic diagram of this
phase shifter is shown in figﬁré 8.10. The Reflection phase

"~ shifters consist of Quadrature couplers and PIN diode switches.

N Quadra‘rure

/ Coupler

3 [

PoWer:SpiHer

IN

ouT

. B,
%—1ﬂ4p
48

Figure 8.10 Schématic diagram of the phase shifter which

utilizes a Power splitter'and Reflection phase shifters.
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The following table illustrates the resultant phase on the
output port for the different states of the diodes.

Condition‘of Condition of |Condition of |Condition of | Resultant

diodes A diodes A, | diodes B, | diodes B, | (Jogrees)
Open circuit | Open circuit |Short circuit!0pen circuit 0
Open circuit | Open circuit |Open circuit |Open circuit - 45
Short circuit| Open circuit | Open circuit 0pen circuit ' 90
Open circuit | Short circuit|Open circuit |[Open circuit 135
Open circuit Short circuit Shortrcircuit~0pen circuit 180
Open circuit | Short circuit|Open circuit {Short circuit 225
-1Short circuit| Open circuit |Open circuiti Short circuit | 270
Open circuit | Open circuit |Open circuit |Short circuit 335

Table 2 Conditions of the diodes for the different phase
shifts.

The operation is based on ‘the fact that, in this pafticular
configuration, a quadrature coUpler which has ggounded termina-
tions has a 90° leading phase shift. An open circuit termina-
ted coupler has a 90° lagging phase shift and matched load
terminations result in no output as described in éection 2.2.2.
For one particular coupler the terminations are: always the

same.

CoUplet 3 (as shown in figure 5.10) adds the two phases from
1l and 2 vectorially, but still adds 90° and 180° in the internal
paths of the coupler.

Take for example the 135 degree resultant phase shift. If

diode A, is open circuited and A, is-short circuited then short
circuit terminations are applied to Coupler 1 which results

in a positive 90 degree phase shift. 1If diodes B, and B, are
open circﬁited then open circuit terminations are applied to
Coupler 2 resulting in a minqs 90 degree phase shift, this is
illustrated in figure 8.11'(8). The signal out of Coupler‘l
then traVels through the direct path of coupler 3 which advances

the phase by an additional 90 degrees. The signal out of coupler
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2 gdes thfough the coupled path of Coupler 3 which advances
the phase by 180 degrees. The two signals are added vector-
ially at the OUT port as shown in figure 8.11 (b).

Output of »
. Resultant X °
Coupler 1 A OUT N\

Output of _| - - o
Coupler 2 |

@ (b)

Figure 8.11 The phase shifts which result in the 135 degree

phase shift.

When 50 ohms (or matched loads) are applied to Coupler 1 or
Coupler 2 then no output results from that coupler. (There is
never a condition when both couplers have matched terminations).
The resultant phase at the OUT:port is then only the phase '
shift through the coupler that has no matched terminations plus
the phase shift through eifher the coupled path (180 degree
shift) or the direct path (90 degree shift).

The phase shifts through 360 degrees with the respective termina-
tions on the couplers are shown in figure 8.12. For each vector
the condition on the left is for Cdupler 1 and on the'right for.
Coupler 2. (SC is short cifchit, 0C is open circuit and 50 is

matched load).
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90°
0C 0C

0C 50

AOO

SC SCY 50 SC ' OC'S[

270°

Figure 8.12 The phéée shifts with the corresponding

terminations applied to the coupleré.

It can be seen that the phase shifts involving the 50 oﬁm
terminations lie on the axes of the graph. These vectors
are smaller in magnitude than the other four because only
half of the signal that was originally split.reaches the
OUT port. :

8.6 Discussion

The Switched Line Phase shifter does not readily lend itself
to stepped'phase shifting.  If it is used in conjunction with
a Schiffman differential phase shifter a. bandwidth of an
octave can be obtained [23]. The Reflection phase shifter is
’ limited in bandwidth By the quadrature coupler used and the
termination networks. The High-Pass Low-Pass phase shifter
does not seem to have any major advantages in terms of band-

~width.
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The best solution seems to be the Reflection phase shifter

‘and power. splitter as shown in figure 8.10. All the compo-
nents which make up the syétem'are instrumental in the

overall operation which allows no redundancies to occur.

The diode switches switch in either an open circuit, a short
circuit or a matching load which is easily obtainable over

a large frequency range. Thus the bandwidth is mainly deter-
mined by the quadrature coupler. If a microstrip Lange Coupler
or Stripline Overlay Coupler is used then a bandwidth far

greater than the previously mentioned phase shifters is possible.
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9. THE PHASE SHIFTER CONSISTING OF REFLECTION PHASE
SHIFTERS AND A POWER SPLITTER '

This Phase Shifter was chosen to undergo further investiga-
tion mainly due to the broader bandwidth which can be achieved

as well as the unique design.
The phase shifter consists of three basic components;

i) thevpower splitter -

ii) the quadrature coupler _
iii) the PIN diode termination switch.

All these components aréranélysed and developed seperately.

9.1 . The power splitter

The power splitter as shown in figure 9.1 divides the signal
equally into two branches but doés n0t alter the phase. Any
power that isreflected back dué to mismatches further on is
absorbed in the 100 ohm resistor. This gives a good match
for all the ports. The qpefation is reversable ie it can

operate as a power divider. as well as a power combiner.

Figure 9.1 The Power Splitter
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The circuit was modelled on TOUCHSTONE, the results of which
can be seen in figure 9.2. The 3 dB split can be easily
observed. If more matching sections are used then a further

broadening of the return loss (S11) bandwidth results.

o bBls21) + DB{S31]
WILK WILK

0.0E+00 _

-5.000 . L — . ; . ; 4

2.000 4.000 ' 6.000
FREG-GHZ :
g DB(S11)
WILK
0.0E+00 .

-20.00

-40.00 . .
2.000 : » 4.000 ' 6.000
FREQ-GHZ

Figure 9.2 The response of the power splitter
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9.2 The Simulation of the Phase Shifter on TOUCHSTONE

The entire circuit was modelled on TOUCHSTONE to see how the
overall phase error is effected by the different parameters
of the couplers. This allows a specification for the character-

istics of the coupler to be generated for the final implementa-

tion stage.

Ideal coupled lines were used to implement the quadrature
coupler and as it is represented 1in TOUCHSTONE can be considered
~as a Backward Wave coupler. The influence of the Even and 0dd
"mode impedances on the phase error was initially investigated.
Ideal terminations were applied to the coupler ports to generate
the different phases. When Zoo and Zoe were set at 20 ohms

and 125 ohms réspectiQely the error was less than five degrees
between 2.4 GHz and 5.6 GHz. Figure 9.3 illustrates how the
phase shift is effected by'changing these impedances. (See

Program 21 Appendix A).
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The plots at the top of the columns demonstrate the amount of
coupling in the ideal coupled lines for the even and odd mode
impedances stated at the bottom of the columns. The one trace
is the direct paths (S31) and the other trace is the coupled
path (S21). This gives an idea of the bandwidth of single
section coupled lines. If maore sections‘Were used (say three

sections) then a broader bandwidth would be achieved.

The middle plots in the columns'demoﬁirates the return loss of
a single coupler when either an open circuit or a short circuit
is applied to the ports. The curves for the two cases lie

exactly over one another.

The bottom plots were generated by changing the impedances on

. the coupler in fhe'entire phase shifter configuration as shown
in section 8.5 and plotting the resulting phase shift. The
best return loss oceurs where the coupling is close to the 3 dB
line. If the spacings between the anguar plots are carefully
observed the least errors occur where the return loss (S11 plot)
is better than 20 dB. The next two.columns demonstrate how

the phase error is influenced by the characteristics of the

coupled lines.

For the phase errors to be minimized over 360° there must be
an evenly placed distribution of the phase shift lines. If
one line is displaced by lO'degreeS (say) it effects the phase

shift error before and after that particular phase line.

9.3 The realization of the PHaSe‘Shifter

The phase shifter consists of three identical couplers, two

of which are used to switcﬁ between -90°, +90° and no output.
The third adds_tﬁe outputs from the two. Therefore the quad-
rature couplers are the mainvconstituehts.of tﬁe overall phase

shifter.
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A stripline three section 3 dB Overlay coupler [30] was
used to fabricate a complete phase shifter (the dimensions
of the Eoupler are shown in Appendik E). The layout éf
the entire system is shown in Figure 9.4. Figure 9.4 b)
and c) are the overlays far the cirduit shown in a). The
cross hatch represents the thin (.127 mm) dielectric sheet
which is placed between the two overlays in the final con-
struction. A thin brass tab had to be inserted through
the dielectric sheet at point A to cohnect two couplers.
The entire structure was then sandwiched bétween two thicker
sheets (1.575 mm) of dielectric clad by aluminium. The

stripline circuit was then screwed together.
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Matched Load
tonnecﬂon\\ :'

Connections for Connectfions for
the different ~the different

terminations. R e ///////Ternnnaiions

Resistor
Position

0 N B | 1 _
& (c)

Figure'9.4 The layout of the Phase Shifter that was fabricated

Shorting tabs made from brass foil were clamped into place by

tdbless launchers to facilitate tHe short circuit terminations.
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The open circuit condition wés implemented by removing the
launchers completely. The 50 ohm matched load was established
by screwing on the wide tab launchers which were connected to

50 ohm screw on terminations.

Large errors were observed. The 1359 trace fluctuated by 30°
and the 180° fluctuated by 45°. The reasons for these large

errors could be due to the terminations or the couplers.

The S-parameters of a single coupler was measured on the test
'set and a file was created to allow TOUCHSTONE to use these
'measurements. The coupled lines as shown in Program 21 |
(CLIN statement) was replaced by the S-parameter file. Large
errors were found which corresponded to the measured case.
The coupler had to undergo further investigation. Figure 9.5
a) illustrates the measured coupling and figure 9.5 b) shows

the return loss when the coupier has short circuit terminations.
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4 0B[s31)
CPLR

_ 2.000

FREQ-GHZ

03{S14}

0.02+00

~20.60

CPLR

4.000 6.000

(b)

FREQ-GHZ

Figure 9.5 Measurements taken on D M Rachman's Overlay

coupler

The coupling is almost 3 dB over the entire frequency range

but the return loss falls to 10 dB in places.

{matched lpads on
13 dB and 26 dB.

which corresponds

the overall phase

phase differences

terminations.that-

The isolation
Ports 3 and 4 figure 2.8) varies between

It is less than 20 dB between 2 GHz and 5 GHz
to where the largest errors take place in
shifter. The following table shows the

between thevopen circuit and short circuit

were measured.
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Frequency Phase difference Phase shift Error
(GHz) (Degrees) Degrees
2.0 161.7 18.3
2.2 201.0 21.0
2.4 201.4 21.5
2.6 199.8 19.2
2.8 165.7 14.3
3.0 170.0 10.0
3.2 179.0 0.0
3.4 187.7 7.7
3.6 195.7 . 15.7
5.8 157.3 22.7
4.0 154.6 25.4
4.2 157.1 22.9
4.4 1 155.0 25.0
4.6 201.7 21.7
4.8 194.4 14.4
5.0 188.5 8.5
5.2 183.5 3.5
5.4 176.8 3.2
5.6 178.8 1.2
5.8 179.5 0.5
6.0 176.4 3.6

Table 3 . Phase shift for D M Rachman's Overlay coupler

These results suggest that for low phasé errors the couplers
used must have good matching for the short circuit and open
circuit cases, there must be 3. dB coupling for the coupled path
and the direct path and there must be good isolation. A single
section coupler was investigated to establish what factors

effect theverrors.

9.4 The investigation of a Single Section Overlay coupler

Program 20 was used to generate the width of the conducting
strips and the Even and 0dd mode impedances for given dielectric

heights..
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For the total height of the dielectric (B) = 1.7018 mm
and the height of the dielectric between conductors (S)

= .127 mm.

18.75 ohms

0dd mode impedance =
Even mode impedance = 133.3 ohms
Width of conducting strip = .6565 mm

The exact dimensions are shown in appendix E. In general as
B increases the Even mode impedance increases and the width
of the conductiﬁg strips increases. As S increases the Even
mode impedance decreases and the width of the conducting

strips increases. (Refer to figure 2.10).

For the Even and_Udd~m0de impedances calculated above the
plots shown in figure 9.6 are generated. The last plot is

the phase shift of the entire phase shifter.
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Figure 9.6 The theoretical characteristics of the Single

Section Overlay coupler

It can be seen that these impedanceé theorétically lead to
low phase errors. The'phase difference between a single short
circuit and'open circuit terminated coupler is exactly 180

degrees. The isolation is minus infinity.
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9.4.1 The fabrication of the single section Overlay coupler

The coupler as designed in section 9.3 waé 6uilt and tested.
‘The measuremeﬁts are shown in figure 9.7. Figure 9.7 a) shows
the direct and coupled path couplings. Figure 9.7 b) shows
~the isolation which is a vast improvement over the isolation
in D M Rachman's coupler. The response showing the coupler
short circuited and open circuited falls to almost 10 dB in

the middle of the range.
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b o6.41 & 26
u i A : /
= 1 Yoz T ~/
- 2 et bt ol 3a S S VU S S

1 . LErdiv .7 ' 1 LEsdiv 7

Freauency (GHzZ) Freauenc» (GHz)
(&) / (b)
Short circuit | Open circyif
s}

terminafions e~  ferminations

S

(4B
S
//f

- @ _
. / @ t '
W ‘ \ 1 ,//_ (&) 16 ) /
2 167 ! / . . g . ) /
3 ] j . - A
- 24t \ / - 24 b \
' {
& 4 w . _
o 2 3 .
- d 2 +.
w2 ly "1 ,
v . 1 .
’ .
40 e e oot G @ F—ber e e}
| L 67div 7 ‘ i . LErdiv ird
Freauency (GHz) Freauaprcy (GHz)O

(T A (1

Figure 9.7 The measured reéponse of the single section coupler

The difference between the phases of the measured open circuited

and short circuited terminated coupler is shown in the table 4.



. Phase Phase
Frequency difference shift error
(GHz) (degrees) (degrees)

Co173 7
171 9
168 12
169 11
170 10
170 10
168 12
173 7
171 9
172 .8
174 6

.2 178 2
176 4
179 1

176 4
178 2
5. 174 6
5.. 167 13
169 11
161 19
167 13

Table 4 Phase shift for the single section Overlay coupler
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It is very important that the metal tabs that are clamped onto

the side of the coupler to facilitate the short circuit per-

forms as a good short circuit.

ie, Has a low resistance and

reactance. The measure of the performance of this termination

is seen by obsérving the display.as shown in Figure 9.7 c).

The return loss .decreases at any frequency where there is a

poor short.circuit termination.
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The error is lower than in D M Rachman's coupler. A comparison
" of the characterlstlcs indicate that the isolation for the single .
section coupler is a vast 1mprovement over the coupler in refer-
ence [30] but the latter has better 3 dB coupling over "the fre-

guency range.

9.5 The tange Coupler

The overlay coupler displays phase shift errors which causes
the error in the complete Phase Shifter configuration to be
compounded. A3 dB 2 GHz to 6 GHz Lange coupler supplied by
the CSIR was then investigated. Appendix F shows the measured
s-parameters which were entered into a four port s-parameter

file where it was assumed that the circuit was totally symmetrical
|s1a|/S14 =|sS4l]|/S4l E]SZB] /523 =|s32| 532

This might not be strictly true in practice.

ie

The phase différence between the coupler open circuited and
short circuited is shown in table 5. Large errors are dbserved,
between 3 GHz to 3.4 GHz and 5.4 GHz to 6 GHz. This corresponds
to when the isolation (S41) falls below 19.5dB.



Frequency Phase Shift | Phase Shift
(GHz) (degrees) "Error (degrees)

188.3 8.3

166.9 10.1

170.1 9.9

179.8 0.2

166.0 14.0

153.8 26.2

. 149.7 30.3
3.4 157.7 22.3
6 190.6 10.6
180.2 0.2

176.8 3.2

179.9 0.1
177.4 2.6

176.9 3.1

. 180.4 0.4
176.9 3.1

171.4 8.6

161.8 18.2

154.7 25.3

5. - 153.5 . 26.5
6. 162.9 17.1

Table 5 Phase shift for the Lange Coupler

" When the isoiation is artificially improved by increasing
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|s4l|, |S14|, |S23| and |$32| to 25 dB then the error decreases.

" When the isolation is increased to 30 dB then the 30 degree

error at 3.2 GHz decreases to 20

60 dB then this error decreases to 16 degrees..

obv10usly eFFect the phase error,

degrees and when 1t is set at

Other parameters
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The following parameters were artificially'altered to see

which one has the most influence on the error of a single

coupler over the entire frequency range.

i)

ii)

iii)

iv)

v)

vi)

The coupling was split

ie. instead of a 3dB coupling

the direct path was set at 2 dB and the coupled path

4 dB.
512
S13

S34
524

521
531

A small amount of loss

543
542

4 dB
2 dB

was added to a 3 dB coupler

5122521=5834=543=513=531=524=542=3.5 dB

A small amount of loss
512 = S21 534
S13 = S$31 = S24

The return loss of the
altered.
S11 = S44 = 30

Thevreturn loss of the
5§22 = S33 = 30

was added to a split coupling
S43 5 dB
542 3 dB

input and output ports were
dB

terminated ports were altered.
dB .

The lengthé of the paths as shown in figure 9.8 were .

changed.

It was found that only the condition in (v) altered the error

significantly.

Different combinations of the changes were

tried and it was found that only the isoiation and the return

loss has any major influence on the error.
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9.6 The investigation of the different parametérs

wﬁich effect the phase error.

-9.6.1 Isolation

Figure 9.8 shows the quadrature coupler as displayed previously
but an-additional path is added. This signal path (the isola-
tion path) does not exist in the theoretical model of coupled
lines but is very much a part of the chéracteristics of a real

coupler in whatever form.

180° Phase Shiff
~— — —90° Phase Shift
¢~ X Isolation Path

Figupe'9.8"Thé phase shift paths of an ideal coupler with
the addition of the Isolation path.

Theoretically the paths P1+P2—P4 and P1l—P3—P4 add to
270° in length. When‘an open circuit is applied to P2 and
P3 all the signals at these ports are reflected without any
additional phase change onto port 4. The two signals from

the two paths are then vectorially -added at P4.

When a short circuit is applied to P2 énd P3 then an additional
180° is introduced into the path but there is still total re-
flection at these ports. Therefore the difference between the
opén circuitland short circuit cases -is 180 dégrees as shown

in figure 9.9 a).
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When a leakage path is present between Pl and P4 represented
by the vector at zero degrees then a small amount of signal
is also vectorially added to the two paths previously men-
tioned. This causes the two vectors as shown in figure

9.9 a) to have less than a 180 degree seperation. This is

illustrated in figure 9.9 b) and c).

~—0pen Circuit Vector

|—Short Circuit Vector

?

f (a)
Resultant?

Isolation Vector ';—Resul’ran’r

) R ()

Figure 9.9 The effect of Isolation on the Open circuit and

short circuit conditions.

If this isolation vector is either small or lies along the open
or short circuit vector then its effect will be negligible.
The following tables demonstrate this, where the s-parameters

from TOUCHSTONES ideal coupled. lines were modified. The
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'iéolation was set at 20 dB and the angle was changed between

zero degrees and 90 degrees.

The coupling was set at 3 dB.

Freq. Short Circuit Open Circuit Difference between
| (GHz) (Degrees) (Degrees) Open Circuit and Short Circuit
2 -19.0 156.9 175.9
3 -53.6 116.8 170.4
4 - -B4.4 84.3 168.7
5 -116.8 53.5 170.3
6 -157.0 19.0 176.0
Table 6 (a) Phase Shift with the isolation angle set at Zero degrees
Ffeq. Short Circuit Open Circuit Difference between
{GHz] | (Degrees) [Degrees ) Open Circuit -and Short Circuit
2 -9.6 149.0 158.6
3 -54.7 119.1 173.8
-4 - -90.0 89.9 '180.0
5 -129.0 63.3 167.7
6 -170.0 30.8 159.2

Table 6 (b) Phase Shift with the isolation angle set at 90 degrees

At 4 GHz it is clearly seen how the vector at the twovangles

effect the phase error.

The isolation angle cannot

trolled to lie on the open circuit or short circuit

therefore the only alternative is to ensure that it

small in magnitude. An Isolation approaching 30 dB

required.

Return loss of the terminated ports

be con-
vector,
is

is thus

After the isolation was increased to 60 dB the difference

between the open circuit and the short circuit cases was '

still not 180 degrees;-

It was found that only when the

return losses (522 and S33) was increased to 30 dB was the

phase shift errors less than 4 degrees, which is acceptable.
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The return lbss at. each port 1is avmeasure of the match to 50
ohms of that port. Even if the port is not a good match it
should not make a difference to the reflection if that port

is short circuited or open circuited.

The conclusion that was dfawn is that TOUCHSTONE does include
this return loss measurement in its calculation when the
different terminations are applied which is not true for the
physical circuit. Therefore TOUCHSTONE assumes that a four
port netwark is to be inserted into a position where all the
ports are connected to 50 ohm lines. To artificially increase
the return loss at the coupler ports that are to have the
different terminations applied, is a better representation of

the physiéal model.

9.7 " PIN diodeAswitches for switching in the open circuit

short circuit and 50 ohm matched load.

The objective of the switch is to either absorb power (50 ohm
hatch) or to reflect'ﬁower'with a phase difference of 180 degrees
from the two modes of reflection (ie open circuit and short
circuit). It is important for the switches to present'low phase
efrors because an error introduced at this point will cause a

large deviation from the required phase shifts.

A simple switch that would perform this operation is shown in

figure 9.10. Table 7 shows the diode conditions for the different

o SP ohﬂ1 |
D2, |
H

DC Blocking
Caps.

Figure 9.10. A simple’switch'configuration.'

terminations.
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D1 D2 Termination switched in

0FF OFF OPEN CIRCUIT
ON OFF 50 ohm
OFF ON SHORT CIRCUIT

Table 7 Resulting terminations for the different diode

conditions.

At microwave frequencies care has to be taken to ensure a
good short circuit to ground. At frequencies up to 3 GHz,

a short wire bonded to the microstrip and ground plane '
and passed through an unmetallized hole in the substrate.
provides a good short circuit. As frequehcies increase
beyond approximately 3 GHz'the reactance associated with

such a wire becomes significant. The equivalent reactance

is frequency dependent and thus different effective lengths
of the microstrip line are associated with the same structure

at different frequencies.

It has been established that holes containing a bréss rod or
merely metallized around their cylindrical surface (through
hole plated) obtain identical results. A 1.52mm diameter
hole results in a reactance which is léss than jo.5 ohm

over the frequency range 4 GHz to 18 GHz [4] page 106. The
short circuit was constructed by screwing an 8BA brass bolt

'thrdugh the substrate into the aluminium ground plane.

The layout as shown in figure 9.10 was constructed in micro-
strip as shown in figure 9.11. A Ferrite bead with a length
of thin wire was used for biasing and the diodes were biased

at approximately 15 milli-Amps.
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7
22pF Capacitors

Figure 9.11. fhe microstrip layout of the switch

The resistor used is a 47 ohm chip resistor intended for UHF-
VHF thick film technology. When the diodes were switched
accordingly the different terminations were not met,‘ie the
reflection in both cases were 3 dB and large phase errors
resulted between the open circuit and the short circuit
cases. The 50 ohm match.approaches 8 dB over certain fre-

quencies.

It was first suspected that these errors are due to the bias
lines being connected very closé'to the diodes which meant
that the lower impedance bias lines are connected in shunt to
the high impedance reverse biased diode which results in a

lower overall impedance.

A test was carried out where a bias line was connected at
increasing spacings away from an open circuit on a 50 ohm

" line. As the line moves away:from the open circuit the
response looks more like the ideal open circuit. This trend
continued until the distance became more than a quarter wave-
length away from the open circuit.'-Thié is.iliustrated in
figure 9.12. It was concluded that a bias line must be connec-

ted to a lqwjimpedance point along the line.
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The 47 ohm resistor was placed between a 50 ohm transmission
line and a short to ground. The measuremerit is shown in
figure 9.13. It is evident that the resistor does not present

a good match. A microwave 50 ohm chip resistor is required.

EIRS TO 0sC DISTAMCE

RETUEN LD

oot t + peme - !
1 LEodLw ¥
Freagency (GHz?

—
Do
-~

Figure 9.12; The effect of increasing the distance between

"an Open circuit and a bias line.

47 OHM TERMIHATIOH .

[0y] - _,—f—-'_"_-
s =< x“‘-_— '
- i ﬁh ey ’.-
] - , g
L 18+ ._,_..--"""————-
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Figure 9.13. The response of the 47 ohm resistor




128

The bias network'consisting of a quarter wavelength at 4 GHz
length of thin wirehgrounded via a 22 pF capacitor was used

for all further tests. This gave far better results.

A number of circuits as shown in figure 9.14 were analysed,
which allowed the bias lines to be attached a quarter wave-
length away from the open circuit. It was found that it is
véry important for low phase errors that the line lengths
that are switched in When the different tefminations are

activated are the same in length.

Blas

S00hm Lﬂl D

Transmassxon L —
W

Line

(b)

Figure 9.14 Different switch configurations that were analysed.

The circuit in 9'14 a) has the problem that when theVSO ohm
r981stor is switched in there is an open circuited stub approx-

imately a quarter wavelength in length.

The following circuit as shown in figure 9;15 was devised which
"allows the short circuit to be physically close to the open
" circuit on a length of line. The'posifive and negative biasing
voltages with the shecific diode orientation allows this to be

possible}



Bias Lines

/ O\
ST
DZ 5(3 ohm |
’q {JV \/"—*“l

DN/ | ~

Figure 9.15 The Termination switch

The following table shows the bias voltage polarity on

1 and 2 for the respective terminations required.

BIAS 1 | BIAS 2 Resulting Termination

- - A Open circuit
+ » - Short circuit
+ | - 50 ohm

Table 8 The resulting terminations for the different bias

voltage polarity.

TOUCHSTONE predicted that the phase difference between the

open circdit and the short circuit case is. 180° Y g4.30,

One of ‘the first tests that was performed was to solder one

diode (D1 in figure 9.15) to an earthing screw and to leave
a gap (where D2 is) in the 50 ohm line for the open circuit
condition. The errors increased with frequency up to 40
degrees. When D2 was soldered into place the phase error

did not change significantly.

129
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When the open circuit .and the éhort circuit was observed on

the display it was seen that the open circuit deviates from

a straight line at the lower ffequencies and the short circui£
deviates at the high frequencies.  This is shown in figure 9.16.
This test was possible by extending the reference plane in the

s-parameter test set.

A4

90 ———_~Short Circuit Trace |

Degrees

90 T ——— = 0Open Circuit Trace

1GHz ~ 7GHz
FREQ.

Figure 9.16 The phase display of the open circuit and short

circuit conditions.

There was no region where the phase shift difference was 180
degrees. It was evident that the short circuit condition
needed to be improved. This was accomplished by soldering an
additional diode onto an earthing screw on the other side of

the microstrip line as shown in figure 9.17.

Microstrip Launcher
<" with 50 ohm

\. _ Terminatfion.
22pF Cépacﬁor B

Figure 9.17 The Termination switch with two diodes connected

directly to ground.
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Figure 9.18 illustrates the return loss for the two conditions

and table 9 shows the phase difference between the open and

shaort circuited conditions.

SHORT CIRCUIT

OFEH CIRCUIT

2 @
- o~ F —“'q_..\ _,-"M*"-,
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Figure 9;18 Return loss for the two impedance states for

the circuit shown in figure 9.17.

4Frequéhcy
(GHz)

Open circuit phase shift
minus short circuit phase shift
(Degrees) ’

AV VUV UVUVEPRPELELEWWWMWUWRNNNNN
oo NODODAOAPRPNODODAAENDODOAAPRNDO

184
174
174
178
173
175
176
178
179
179
180
179
182
184
187
189
191
193
193
- 190
191

Table 9 The phase difference between the'open circuit and

short circuit conditions.
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When the 50 ohm matched load was switched in the return loss

was better than 20 dB.

An s-parameter file of the measured short and open circuited
condition was created in TOUCHSTONE. (The measurements are
shown in appendix F). The different terminations were then
applied to the phase shifter consisting of ideal coupled
lines as shown in program 21. Figure 9.19 shows the plot of
the response at the different frequencies. AT 10 degrees
line was drawn at every 45 degree step to give an indication
~of the error incurred. The respdnse falls out of the ¥ 10
degree errdr band at the higher frequencies at 135 degrees

and 270 degrees but overall the error is low.

20 | 40 - 6.0
FREQUENCY (GHz)

Figure 9.19 The phase shift uéing the measured parameters of

the termination switch.

It must be kept in mind that all the results are referenced
to the calculated zero degree line. 1ie the 135 degree response
is actually 135 degree minus zero degrees to obtain a straight

line.
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9.8 The effect of the imperfect components on the overall

phase shifter

The Lange coupler measurements obtained from the CSIR was
artificially improved slightly by modifying the s-parameter
file. The isolation was increased to 30 dB and the return
loss in the terminated ports were also increased to 30 dB.
figure 9.20 shows the phase shift versus frequency using
ideal terminations. The errors are less than o degrees

at all the different steps with three exceptions. A small
deviation at the 225 degree, 270 degree and 315 degreé lines.

315

e’0

2es

180 1

135

ANGLE (BEGREES)

90

45

2.0 : : 4.0 6.0
' FREQUENCY (GHz)

-Figufe 9.20 The phése shift using ideal terminations and

a slightly improved Lange coupler

- The Lange coupler on its own with the above mentioned modifica-
tions results in errors between the open circuit and short
circuit cases of less than 7 deqrees. The highest errors were

found to be at 3.2 GHz and above 5.4 GHz.



134

The phése shift of the Lange coupler was then tested with
applying the measured s—parametersvof.the éerhinétion switch
as developed in section"9.7. The phase difference between

thg open circuit and short circuit terminated coupler is shown

in table 10.

Frequency Open circuited . | Errer
GHz minus short circuited (degrees) | (degrees)
2.0 193.8 13.8
2.2 168.5 11.5
2.4 168.9 - 11.1
2.6 189.7 9.7
2.8 . 192.2 ‘ 12.2
3.0 198.3 18.3
3.2 151.7 _ ‘ 28.3
3.4 147.4 | 32.6
3.6 213.4 . 33.4
3.8 212.4 32.4
4.0 1148.7 31.3
4.2 147.9 o o 32.1
4.4 148.2 _ 31.8
4.6 210.6 . 30.6
4.8 209.4 29.4
5.0 149.9 , 30.1
5.2 148.1 31.9
5.4 143.7 . ‘ 36.3
5.6 222.1 - 42.1
5.8 221.6 : 41.6
6.0 141.2 v ' 38.8

Table 10. The phase difference between the open circdit and short circuit

terminated coupler.

It can be seen that large errors are present. When this
coupler with the measured terminations were tested in the
entire phase shifter configuration then the following plots

result.



135

315
270

225

180 -

135
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Figure 9.21 The phase shifter using the real terminations

and a slightly improved'Lange Coupler

It can be seen that the errors are compounded at only some
of the phase shifts. The worst case being the 225 degree
line which lies totally out of the ¥ 10 degree band and
extends into the 180 degree area. There is still approx-
imately 45 degrees between the 180 degree and the 225 degree
shifts but relative to the zero degree shlft errors of up

to 40 degrees are encountered.

When the errors are dbsef?ed when consulting Figure 8.12
Sectibh 8.5 it is noted that the phase shifts which involve
short circuits result in thé lérgest deviations. But the
major problem which still remalns is to develop a quadrature

coupler which presents an 1solat10n in the reglon of 30 dB.
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9.9 Conclusion

It was found that when the constructed PIN diode termination
switch was used to switch the different phases of a physical
quadrature coupler large erTors Were produced. The demands
made by this phase shifter configuration on the elements were
not met in practice and no further development was undertaken.
A.switch that switches between zero and 180 degrees (or + 90
degrees) which presents low phase shift errors over a lérge

bandwidth is needed for this system to be successful.

It has been réported.in the literature [2] that a phase shifter
with the same basic_configuratioﬁ replaces couplers 1 and 2

in figure 8.10 with a non-reflective switch and a couplef which
switches only between zero degrees and 180 degrees. . An incremen-
tal phase change of 45 degrees B degrées from 6 GHz to 18 GHz

was obtained.' -
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10. CONCLUSION

The basic Single/Pole Double Throw switch using shunt mounted
PIN diodes was found to have a maximum'bandwidth of just over
one octave. (2 GHz to 5.1 GHz). The switch consisting of
series mounted diodes is inherently much broader in bandwidth,
the limiting factor only being defermined by the parasitic
components of the PIN diodes used. Differing number of throws
of a switch in the series mounted case does not change any
design feature or parameter. The main disadvantage of the

series mounted diode is the low'power_hahdling capability.

To increase the isolation of the basic switch additional diodes
have to be inserted in each branch. Different combinations

of shunt and-seﬁies mounted diodeé were investigated. It was
found that if a shunt mounted diode wés placed directly after
>£he series mounted diode a high isolation can be achieved
without affecting the bandwidth, but this was not possible in
practice. Three series mounted diddes with a separation of

10 mm along the length of the microstrip was found to be. a good
compromise. In addition the circuit has to be enclosed in an
evanescent waveguide system to prevent radiation effects from
degrading the isolation. For further miniturization of the
circuit a thinner dielectric substrate (;127 mm) can be used
which would resulf in a narrower 50 ohm transmission line which

in turn allows a smaller wavegquide system.

Only after‘expefience was gained in the use of TOUCHSTONE was
its full potential utilized. Care has to be taken to which
statement is most accurate in Shecifying microstrip TEE junc-
tions and CROSS junctions. . Generally to avoid large errors
in the software the line lengths of microstrip stubs and
sections must be longer than the widths by at least a factor
of two. For the.theoretical model tolbe_an accurate rep-
resentation of the physical circuit an understanding of how
the software takes all the parameters into account is essen-

tial.
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The phase shifter consisting of three quadrature couplers and
a power splitter works well in theory but couplers and termina-
tion switches still have to be developed which comply with the

demands made on them by this particular configuration.

All the circuits fabricated made use of the bias networks that
were developed. It was found that the ferrite bead with two
turns of thin wire does not perform well if it is used in
circuits that have discontinuities. The bias system consisting
of a grounded capacitor and a short length of thin wire gives

the best results overall.
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APPENDTIX A

Computer Programs



'THIS CCT USES

PROGRAM 1

t1hilo.ckt

01-01-80 00:57:49

140

IDEAL TRANS. LINES TO DEVELOP A HIGH IMP. LOW IMP. SECTION

CKT
TLIN 1 2 Z=50 E=360 F=4
TLIN 2 3 Z=50 E=360 F=4
TLIN 2 4 7=148 E#70 107.62540 140 F=5
TLOC 4 0 Z=30 E=110 F=5
TLIN 4 5 7=148 E#100 136.81580 140 F=5
TLOC 5 0 Z=30 &=76 F=2.5 : :
DEF2P 1 3 BIAS
ouT. '
B1AS DBLS111 GRI
FREG :
SWEEP 1 7 .1
OPT -
RANGE 2 6

BIAS DBLS11] < -20

GRID

RANGE 1 7 .5
GR1 -40 0 S

)

&_Transnﬂssion
~ Line (TLIN)

4

P 3

@ DBS!1]
BIAS

0. OE+00

-20. 00

=40. 00 .

Circuit Synthesised

" 1. 000 4,000

FREQ-CHZ

7. 000



Tl')uc:hst.one"(TH) _ ‘ PROGRAM 7 | 141

He.ckt
'HIGH IMP. LOW IMP. SECTION FOR BIAS NETWORK
- DIM .
LNG MM | |
VAR S
WH=.6 {WIDTH OF HIGH IMP. SECTION
WL1=4 | 'WIDTH OF FIRST LOW IMP. SECTION
©WL2\3.16199 | 'WIDTH OF SECOND LOW IMPEDANCE
CKT
MSUB ER=2.2 H=.7874 T=.034 RHO=.7066 RGH=0
MLIN 1 3 W=2.46 L=53.79
MLIN 4 2 W=2.46 L=53.79 ’
MLIN 5 6 WAWH L\17.25064
MLIN 7 9 W WH L\3.80948
MTEE 3 4 5 U1=2.46 W2=2.46 U3™UH
MTEE 10 11 9 WIMWL2 W27UL2 W3™WH | ",
MTEE 6 7 8 W1MWH W2°WH W3~WL1 | —_—
MLOC 8 WAWL1 L\11.48134 1af] T
MLOC 10 W WLZ L\11.33318 3
"MLOC 11 WWL2 L=0 : - 3 . !
DEF2P 1 2 BIAS : | A N
ouT | ) 1
; - F - .
_FRgéAs DBLS113 §R1 | | F}4ICPOSTPID
opr L | |l Line (MLIN)
. ! RANGE 4.0 S.5 ‘ Al
" RANGE 2.0 6.0 | » -
BIAS DBLS111 < -20
GRID ¢ | !
RANGE 1 7 .5 ‘ \ T 3% ' gy
GR1 -40 0 5 | —
Circuit Synthesised

g DBIS11)
BIAS

- 0. 0E+00

-20.00

-40. 00 »
1.000 4. 000 - - 000
FREQ-GHZ :




PROGRAM 3 -

142

A BASIC Program to calculate Resonant Frequency and pad

dimensions for a Rectangular Pad Elliptic Filter.

10
20
30
40
50
60

70 °

80

90
100
110
120
130
140

INPUT"L=";I,"CA="; A, "CB=";B,"CC=";C
INPUT*WIDTH PORT 1="; W, "WIDTH PORT 2=";X

INPUT"WIDTH="; G

L=7. 87T4E~-4*(A+B) /(2. 2%8. B54E-12*QG)
M=B/SQRT(2*{ A*B+A*C+B*C) )

N=-A/SQRT(2*{ A*B+A*C+B*C)) ,
P=(L/PI}*ACS(-MAPIAW/(2*L*SIN(PI*W/(2%L})))
Q=(L/PI)*ACS(NAPIAX/(24L*SINCPI*X/(2*L))) )
F=(I*(C+A*B/(A+B))) =-.5/(2*PI)

PRINT
PRINT
PRINT
PRINT
END

“RES FREQ=";F
"LENGTH="; L
“P1="; P
"P2="3Q
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PROGRAM 4

SPTICFE 2E.0 (181ANTR)

r

101028

kR khkkok

AAKXREAR KA

pAR AN

as2948s

TwWO SECTTON BIAS FILTER

27.000 DFG C

INPUT LTISTING

TEMPERATURF

ﬁ**tiﬁ*****k*********ik*tt*t*t***t**i*‘k******t****k***ﬁ*t***f*******

CJ C‘..rj
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PROGRAM 5 o 144

biashilo.ckt

'HI IMP. LOW IMP. SECTION WITH ELLIPTIC FILTER PAD FOR BIAS NETWORK
DIM , :
LNG MM |
VAR |
WC1=1.400 |WIDTH OF CONNECTION FROM SO OHM LINE TO LOW IMF
WC2=1.400 \WIDTH OF CONNECTION FROM LOW IMP. TO ELLIPTIC
WLI=11.40000 | \WIDTH OF LOW 1MP. SECTION
WP=8.00000 . " VWIDTH OA ELLIPTIC FILTER PAD
WS=1.400 'WIDTH OF STUB| ™ * 70
CKT - : 3
""MSUB ER=2.2 H=.7874 T=.034 RHO=.7066 RGH=0 . T
 MTEE 3 4 5 W1=2.46 W2=2.46 W3™CT R
MTEE 6 7 8 W1~WC1 W2°WC2 W3 ULI
MTEE 9 10 11 W1~WP W2"WP W3"WC2
MTEE 12 13 14 W17WP W2~WP W3~WS
MLIN 5 6 WAWCl L=18.50000 o o l
MLIN 7 11 WUAWC2 L=14.9000 . |
MLIN $ 12 WAWP L=11.000 i
MLOC 8 WAWLI L\21.70000 | .
MLOC 10 W WP L=4.80000 ot .
MLOC 13 WAWP L=3.60000 ° R l
MLOC 14 WAWS L=9.00000 o | L
MLIN 1 3 W=2.46 L=53.79 - BT
MLIN 4 2 W=2.46 L=53.79 ﬂ BT ve i
DEF2P 1 2 BIAS ;
ouT : ;
BIAS DBLS111 GR1 , e

o o8ts1)
BIAS

-1.000 -
FREQ-CHZ



PROGRAM 6 : s

bias2.ckt 01-01-80 01:02:08
{TWO SECTION ELLIPTIC FILTER USED IN BIAS NETWORK

. BIM :

: LNG MM

- VAR : : '

. WP=8 'WIDTH OF FIRST FILTER PAD
WS=0.8%9407 IWIDTH OF STUB
WH\O.60000 o : IWIDTH OF CONNECTION TO 5
WF=2.40000 ' IWIDTH OF SECOND FILTER PAD
- CKT : ,

MSUB ER=2.2 H=.7874 T=.034 RHO0=.7066 RGH=0
MTEE 1 2 3 W1"WP W27WP W3~ UWF-

MTEE 4 5 6 W1"WP W2"WP W3"WH

MLOC 1 W WP L=8.91428

MLOC 5 W WP L=1.17792

MLIN 2 4 W WP L=5.56185 ' o
MLOC 14 W WS L=6.55433 : ' 1STUB e
MLIN 6 9 WWH L\12.95236 IHALF WAVELENGTH _

" MTEE 7 8 9 W1=2.46 W2=2.46 W3"WH
. MLIN 7 10 W=2.46 L=353.79 -

"MLIN 8 11 W=2.46 L=53.79
MTEE 12 13 14 WI1NWF W27WF W3™WS ' .
MLIN 3 12 WIWF L=9.05217 ’ ' o o
MLOC 13 W WF L=0.91117 ' ) I

ol
‘“_
T w

DEF2P 10 11 BIAS o P —
ouT | |
- BIAS DBLS11J GRI

g o
(374

* GOE~CO.

-2n, co

P

~-40. 00

FREQ-GHZ



~ hilo.ck - PROGRAM 7 e

'HIGH IMP. LOW IMP. SECTION FOR BIAS NETWORK
DIM
LNG M
VAR o :
WH=1 ' - 'WIDTH OF HIGH IMP. SECTION
WL=5 : . ' 'WIDTH OF LOW IMP. SECTION
CKT *
MSUB
MLIN
MLIN
MLIN
MTEE
MTEE
MLOC
MLOC
WIRE
SHOR
DEF2P 1 2 BIAS
ouT
BIAS DBLS113] GRI
FREQ .
SWEEP 1 7 .1
OPT . _
RANGE 2 6 - T
BIAS DBCS11] < -20 S
GRID
RANGE 1 7 .5
~ GR1 -40 0 5

D

B ONWIN

2.2 H=.7874 T=.034. RHO=.7066 RGH=0

U .

W1=2.46 W2=2.46 W3"WH
7 8 WINWL W2™WL W3"WH
WL L=2.00

W WL L=0.00

9 D=.6 L=60 RHO—.7066

VNGO WU =M

[ DBCS113
BIAS

0. OE+0D .

~20. 00

-40. 00
1. 000

FREQ-GHZ



- FREUG :
“RUEERP L 7 .2

TuUL‘t:f ane (TM)

PINFOR.ckt

PROGRAM 8 47

'THIS PROGRAM GENERATES THE S-PARAMETER FILE OF THE THEORETICAL MODEL

rl\|

3l
>

DEF2
T

AN |

PINFOR
FIMFOR
PINFGE
FINFOR
PINFOR
FIMFOR
FLINFOR
F A.NFG.’C.
8}

WEEP 1

-
pth]

(Hfﬂ

T

T

THe

LD -

S T
[}
-

J - 'D S 30U~ T
b

Mo

I‘_L .§\"E\J‘l
PINREV
' ;.:';IRI_V

PINRZV

2 €=.05
| 2 PINREV SPINREV

1 2 R=4 L=.3
CAP 1 2 C=.05
1 2 Pl

PINFOR SPINFOR

MAGLS1T]
anGLs1t]
MaGLS521 ]
ANGLS21]
MaGLS123

ANGLS121]

AGLs221]
ANGCQZ2]

-7 .2

PINREV.ckt

11S PROGRANM GENCRATES THE S-PARAMETER FILE OF THE THEORETICAL
REVERSE BIASED SERIES MOUNTED FIN DIODE.

"OF THE rFORWARD BleED SERIES MOUNTED PIN DIODE.

(TYPE DSG6474)

Farward  Diased

s
LD
2
‘D
/1
=3
O
[
=
-
D
.
0
=
?_
[
]
)

2 R=1000 L=.3 €=.05

s

1AGE3113

Hmﬁiﬂlli

P TIAGLSZ213

ANGES213

Magls121

ANGLES1Z]

MAGTS22]

ANGLS22]

MODEL
(TYPE DSG6474)

Doverce hiaced series mounLe_d,._PlN diode




PROGRAM 9. . | 148

MICRSPDT. ckt

'MICROSTRIP SPDT SUITCH USING A SHORT AND THRU LINE AS PIN DIODES FORWARD
'AND REVERSE BIASED AND NO CAPACITORS. THIS IS EXACTLY ‘AS IT WAS CONSTRUCTED.

DIM
LNG MM

VAR
WL=2.46 fWIDTH OF 50 OHM LINE
'WIDTH OF QUARTER WAVELENGTH MATCHING SECTIONS

WMn=4
LM=13.28 'LENGTH OF QUARTER WAVELENGTH MATCHING SECTIONS

CKT
MSUB ER= 2 2 H= 7874 T=.034 RHO—.7066 RGH—O

MLIN 1 2 WAL L=10
MLIN 4 5 WU™WL L=10
MLIN 7 8 WHWL L=10
MLIN 3 12 W™WM L°LM
MLIN 6 10 W™WM L=11.28
CMLIN 9 11 WAWM L=11.28
CMTEE 10 11 12 WITWM W2°WM W3™WH
MSTEP 2 3 W1"WL W2"WHM v
"MSTEP 5 6 W17WL W27°WH
MSTEP 8 9 W1TWL WZ27WM

SHOR 8
DEF2P 1 4 SPDT
ouT
SPDT DBLS113] GRI1 v
.SPDT DBLS211] GR2. _ . v '
FREQ - ) ' _ : X N
SUEEP 2 6 01 - - ;s s" ’ ) Vo . ,\\’
GRID i S ‘ tY
RANGE 2 6 5 ‘
GR1 -40 0 5
GR2 —20;0 5
2
k%
Diq%rqm of i rcs)n't Sy wthesiced
LT WITH IDEAL COMPOHENT
plcpom coel o -~
N
| RS T |
|“:y v "I lll
. '2?‘ .| 2l i, 1 ;
= Ty ' !
o 1 R S, !
v -~ LN I|I
| e T ! W
-£0. 00 N S P L " . 1 ' ! S s e
2,000 2,070 . ) [ e 4] i
{ . T Freauvencr COHz?Z




PROGRAM 10

MICRSPDT ckt

01-01-80 02523:19

149

{MICROSTRIP SPDT SWITCH WITH ONE PIN DIODE WHICH IS FORWARD BIASED. THERE ARE
INO CAPACITORS.

tWIDTH OF S0 OHM LINE
'WIDTH OF QUARTER WAVELENGTH MATCHING SECTIONS
'LENGTH OF QUARTER WAVELENGTH MATCHING SECTION

DIM
LNG MM
VAR
WL=2.46
WM=4
LM=13.28
CKT -
MSUB ER=2.2 H=.7874 T=.034 RHO=.7066 RGH=0
MLIN 1 2 WAWL L=10
MLIN 4 5 WAL L=10
MLIN 7 8 WL L=10
MLIN 3 12 W WM L°LM
MLIN 6 10 W~ WM L=11.28
MLIN 9 11 WAWM L=11.28
MTEE 10 11 12 W1™M W27UM W3~WM

MSTEP 2 3 WITWL W27WM
MSTEP S 6 W1TWL W27WH

"S2PA.

8 9 O PINON

DEF2P 1 4 SPOT

ouT
SPDT
SPDT
FREQ-

DBLS113 GR1
DBLS21] GR2

SWEEP 2 6 .1 ..

GRID

RANGE 2 6 .5
GR1 -20 0 5

GR2

0. 0E~00,.

-:10.CO0

-20.¢9
© 2,050 4203

-20 0 5

B Brestn
ot

of t\\o

Pw

Clye u\t

SWV\‘H{\cSl Sea

ram.

-k\n\ I

(mwm_gz&;__

by
0

oy

R

SEOT

ha s

brogrgw -
v

e g

CHWITH

T | U S

Freawuamno:s

1 PIH 5 MO CAPS

v¢>~<_--4-»-+.u- ..._...».+.-__._.-+... e

s BT
caHz



PROGRAM 11

SPDTZ2.ckt

'SPOT
|FORUARD AND REVERSE BIAS
VAR

Z0\47.45505 !iHPEDANCE OF SPDT BRANCHES (PIM)
Z1N\41.17668 'IMPEDANCE OF SPDT BRANCH FEED

LONS9.13683
LIN87.28701

01-01-80 01:25:00

Do

{LENGTH OF
'LENGTH OF

150

SUITCH WITH IDEAL TRANwMISSTON LINES AND PIN DIOODE MODELS IN

SPDT BRANCHES
SPDT BRANCH FEED

CKT
TLIN 1-2
TLIN & 7
TLIN 2 1
TLIN 3 1
CIND 10 1
IND 11 1
0

4

4

NN

>H-TCrrrNNH

REVERSE BIASED PIN

SRC 12
TLIN 3
TLIN S
TLIN S
TLIN 6
IND 13
JIND 14
SRL 15 0 R=.8 L=.

NN D

~Z0 E”LO F=4
13 Z=50 E=25.753 F=4
14 Z=50 E=25. 753 F=4

i

|
15 L=.15 - ! FORWARD BIASED PIN

1

{

TLIN 4

TLIN &
MATCH 7
DEF2P 1 9 SPDT - /- Mﬂ«wz- ;

ouT - Tox '

SPDT DBLS113 GRI ) [ ;T :

|

SPDT DBLS213 GR2 | -
FREQ 1o
SUEEP 2 6 . 1 . ’ N *‘_-T—‘ -) ) °
OPT o » givntei ey <
RENGE 2 6 - *
SPDT DBLS113 < —20 - | | -
GRID | | | T,
RANGE 2 6 .5 . RSN i

GR1 -40 0 S
GRZ ~20 0 5

[ MBsI
. Pt
0.0£+00 .

-20. 00 :
o 8

~ 3‘ 3 e.._gl_.ﬁ. B‘ ___B’/ﬂ/a

-40, 00

A
2,000 4.con [

FRED~CHZ




PROGRAM 12

SPDT2.ckt

01~ 01 -80 03:39:27

121

;'SPDT SWITCH WITH IDEAL TRANSMISSION LINES AND PIN DIODE MODELS IN
" 'FORWARD AND REVERSE BIAS. MATCHING STUBS ARE PLACED ON THE BRANCHES
“'NEXT TO THE PIN DIODES. '

' VAR

. 20=45
71=38
LO\S1
L1\87
251=62
LSI\25

CKT -
TLIN 1 2 Z=50 E=360 F=4
TLIN é 7 Z=50 E=360 F=4
TLIN 2 10 Z=50 E=29.819 F=4 .
TLIN 3 11 Z=50 £=29.819 F=4
IND 10 12 L=.2
IND 11 12 L=.2
SRC 12 O R=400 C=.14
TLIN 3 4 Z~Z0 E~LO F=4
TLIN S 4 Z~Z0 E~LO F=4
TLIN 5 13 Z=50 E=25.753 F=4

© TLIN 6 14 2=50 E=25.753 F=4

IND 13 15 L=.15
IND 14 15 L=.15
SRL 15 O R=.8 L=.02
TLIN 4 8 Z7~Z1 E~L1 F=4
TLIN 8 9 Z=50 E=360 F=4
TLOC 5 0 Z~ZS1 E~LS1 F=4 -
TLOC 3 0 Z~ZS1 E~LS1 F=4
MATCH 7 -

- ouT

DEF2P 1 9 SPDT

SPDT DBESII] GR1
SPDT DBLS211 GR2

.FREQ

SWEEP 2 6
OPT ~
RANGE 2 6
SPDT DBLS111 < -20

.1

GRID

RANGE 2 6 5

! IMPEDANCE

1 IMPEDANCE

'LENGTH OF
'LENGTH OF
' IMPEDANCE
'LENGTH OF

f— eem s cam s

OF SPDT BRANCHES (PIN)
OF SPDT BRANCH FEED

SPDT BRANCHES
SPDT BRANCH FEED

OF MATCHING STUB

MATCHING -STUB

FORWARD BIASED PIN

REVERSE BIASED PIN



PROGRAM 13

DFUIZ.CKT =~ Ul-ULl~5U

UZ:iD1Ll 140

152

'SPDT SWITCH WITH IDEAL TRANSMISSION LINES AND PIN DIOCDE MODELS IN
'FORWARD AND REVERSE BIAS. MATCHING STUBS ARE PLACED ON BOTH SIDES

'OF THE PIN DIODES.
VAR
20=40
21=35
L0=50
L1=90
ZS1=84
LS1=35
ZS2\84
LS2\10
CKT
TLIN 1 2 Z=50 E=360 F=4
TLIN 6 7 Z=50 E=360 F=4
TLIN 2 10 Z=50 E=29.819
TLIN 3 11 Z=50 E=29.819
IND 10 12 L=.2
IND 11 12 L=.2
SRC 12 O R=400 C=.14
TLIN 3 4 Z~Z0 E~LO F=4
“TLIN' 5 4 7°Z0 E~LO F=4
TLIN S 13 Z=50 E=25.753
TLIN 6 14 Z=50 E=25.753
IND 13 15 L=.15
IND 14 15 L=.15

SRL 15 0 R=.8 L=.02

TLIN 4 8 Z7Z1 E”L1 F=4
TLIN 8 9 Z=50 E=360 F=4
TLOC S O Z7ZS1 E~LS1 F=4
TLOC 3 0 Z7ZS1 E~LS1 F=4
TLOC 2 O 27752 E~LS2 F=4
TLOC 6 O Z7ZS2 E~LS2 F=4
MATCH 7

BEF2P 1 9 SPDT

n

mm

ouT .

© SPDT DBLS11] GRI
SPDOT DBLS211 GR2

FREG
SWEEP 2 6 .1
OPT
RANGE 2 '6
SPDT DBLS11] < -20
GRID :
RANGE 2 6 .5
GR1 -40 0 5

GR2 -20 0 5

LA S

A

' IMPEDANCE
' IMPEBANCE
'LENGTH OF
'LENGTH OF
! IMPEDANCE
'LENGTH OF
! IMPEDANCE
'LENGTH OF

OF SPDT BRANCHES (PIN)
OF SPDT BRANCH FEED
SPDT BRANCHES

SPDT BRANCH FEED

OF MATCHING STUB
MATCHING STUB -

OF SECOND MATCHING STUB
SECOND MATCHING STUB

REVERSE BIASED PIN

FORWARD BIASED PIN




PROGRAM 14 , ‘ _ 153

SPDT2.ckt  01-01-80 03:04:27

ISPDT SWITCH WITH IDEAL TRANSMISSION LINES AND PIN DIODE MODELS IN
|FORWARD AND REVERSE BIAS. A SECTION OF TRANSMISSION LINE IS INSERTED
'TO IMPROVE THE RESPONSE. THESE VALUES WHERE GENERATED USING THE OPTIMI.
'FACILITY. - -

VAR '

Z0N\52 ! IMPEDANCE OF SPDT BRANCHES (PIN)
Z1N\36 , ' IMPEDANCE OF SPDT BRANCH FEED
LO=33 ‘ ' 'LENGTH OF SPDT BRANCHES
L1=83 'LENGTH OF SPDT BRANCH FEED
ZS\30 - ' IMPEDANCE OF MATCHING SECTION-
L5=25 'LENGTH OF MATCHING SECTION

CKT ' '

TLIN 1 2 2=50 E=360 F=4
TLIN 6 7 2=50 E=360 F=4
TLIN 2 10 2=50 E=29.819
TLIN 3 11 Z=50 E=29.819
IND 10 12 L=.2
IND 11 12 L=.2
SRC 12 O R=400 C=.14
TLIN 20 4 2720 E~LO F=4
TLIN 21 4 2~20 E~LO F=4
TLIN 5 13 Z=50 E=25.753
TLIN 6 14 2=50 E=25.753
IND 13 15 L=.15 :
IND 14 15 L=.15
SRL 15 0 R=.8 L=.02

"TLIN 4 8 221 E~L1 F=4 :
TLIN 8 9 Z=50 E=360 F=4 o o o
TLIN 3 20 Z~ZS E~LS F=4 , . ,
TLIN 5 21 2725 E~LS F=4 . .

MATCH 7 . 7 B

DEF2P 1 9 SPDT =

1
|

mm
o

P -3

REVERSE BIASED PIN

mm
ol

B =S

FORWARD BIASED PIN

ouT , :

~ SPDT DBLS113 GRI1 . T

. SPDT DBLS211 GR2 S B ' : i —_—

FREQ - , o - D LT
SWEEP 2 6 .1 - R4

0PT o .
RANGE 2 .6 _ ‘
SPDT DBLS113 < -20

GRID " L . .

RANGE 2 6 .5 _ Jhi%hL@_mJ“ R I




PROGRAM 15 . | 1o

MICRSPDT.ckt 01-01-80 02:12:00

'MICROSTRIP SPDT SWITCH WITH MODELS OF FORWARD AND REVERSE BIASED PIN DIODES
! OPEN CIRCUIT STUBS ARE USED TO IMPROVE THE RESPONSE «

DIM |
LNG MM ‘ )
VAR | 5 - |
WL=2.46 {WIDTH OF S0 OHM LINE
WM=3.8 | 'WIDTH OF SPDT BRANCH FEED
WB=1.8 y 'WIDTH OF BRANCHES
Ws=3.36 - {WIDTH OF MATCHING STUBS
LM=13.6 {LENGTH OF SPDT BRANCH FEED
LB1=.2 | ILENGTH OF LINE BETWEEN STUB AND PIN
LB2=6 '~ ILENGTH OF LINE BETWEEN TEE AND STUB
LS=2.95 ILENGTH OF STUB
CKT

MSUB ER=2.2 H=.7874 T=.034 RHO=.7066 RGH=0
MLIN 1 2 WML L=10

MLIN 4 5 WAL L=10

MLIN 7 8 WAL L=10

TLIN 5 19 7Z=50 E=29.819 F=4 !

TLIN 6 20 2=50 E=29.819 F=4 !

IND 19 21 L=.2 ~ ! IMODEL OF REVERSE BIASED PIN DIODE
IND 20 21 L=.2 ! , | -
SRC 21 0 R=400 C=.14 !

MLIN 3 12 W WM L LM

MLIN 6 13 WAWB L~LBI

MLIN 14 10 W WB L~LBZ

MLIN 9 17 W WB L~LBI

MLIN 11 16 W WB L~LB2

TLIN 8 22 7Z=50 E=25.753 F=4 !

TLIN 9 23 7=50 E=25.753 F=4 v

IND 22 24 L=.15 ' ! MODEL OF FORWARD BIASED PIN DIODE
IND 23 24 L=.15 t | .
. SRL 24 0 R=.8 L=.02 ! T | Co

MTEE 10 11 12 W1MWB W27WB W3™WM . el Ll
- MTEE 13 14 15 W1~WB W2"°WB W3"WS |u quw o CREEIEY S
MTEE 16 17 18 W1~WB W2~WB W3S 2| - *
MSTEP 2 3 W1MWL W2°WM , f |

MLOC 15 WAWS L~LS | !

MLOC 18 W WS L~LS ! ,
DEF3P 1 4 7 SPOT o= | .
ouT : . : 13 1 - -

SPDT DBCLS111 GR1 ' ' e o
SPDT DBLS21] GRZ2 !
SPDT DBLS311 GR2 ‘ o
FREQ _ ‘ Diagram o Wicrotrip cjrewlt
SWEEP 1 7 .2 ' ' : - )
GRID
RANGE 1 7 .5
GR1 -40 0 5
GR2 -40 0 5




'THIS S
'WHERE
'!TO BEV
bIm :
LNG M
VAR
LJINS.
WI#1
LS#1
WS#1
CKT
MSUB
MLIN
S3PA

MLIN
MLIN
MTEE
MLOC

MLIN
MLIN
MTEE
<= MLOC

S3PA
S3PB
MLIN
MLIN
MLIN
MLIN
MATCH
DEF4P
ouT
SP4T
SP4T
SP4T
SP4T
FREQ
. SUEEP
GRID
RANGE
GR1 -
GR2 -
oPT
RANGE
SPAT
SP4T
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PROGRAM 16

SPATSPAR.ckt  01-01-80 01:35:02

PAT SWITCH CONSISTS OF THREE SPDT SWITCHES. THE S-PARAMETER FILES
OBTAINED FROM THE TOUCHSTONE PROGRAM '"MICRSPDT" WHICH WAS USED

ELOP THE SPDT SWITCH.

M

33193 o 'LENGTH OF LINE JOINING THE SPDT SWITCHES
1.64942 3 ' 'WIDTH OF LINE JOINING THE SPDT SWITCHES
3.22623 8 'LENGTH OF MATCHING STUB

1.38448 4 'WIDTH OF MATCHING STUB

ER=2.2 H=.7874 T=.034 RHO=.7066 RGH=0

1 2 W=2.46 L=10

2 3 4 SPOT

3 21 WrWJ L~Ld

S 20 WrwWd L~Ld

20 21 22 W17WJ W27°WJ W37UWS
22 W"WS L7LS

4 23 WrWJ LU
8 24 WAWI L LJ |

23 24 25 W1AWJ W27WI W3AUS
25 WAWS LALS

5 6 7 SPDT

8 9 10 SPDTON

6 13 W=2.46 L=10

7 14 W=2.46 L=10

9 12 W=2.46 L=10

10 11 W=2.46 L=10 - | .
12 % | (
113 j4411 SPAT i

R1. T

OBLSI137 wa? :

DBLSZ13-GR2 _ 1 ‘
DBLS311 GR2 % C , ' 1
{

DBCS4T] GR2 . - o | _ —
1 8 .35‘——““”““”“”L~J;xﬂm, ;fi o “,_mffg*t_mxa  e
1 s . o

40
70

OO

FJ“"-U‘U‘M
— ; .

|

{

-

S

;

“

z

zZ .

Z |

2 7'2 i . 1“‘,“9\] ' ) “ : ] Crvan g
DBLSHIr%—~20— : A L
0853413[<g—6o

: Lo |
' b ) ’ . :

N

_}.‘_’;’?,‘r yer = SPLY ...S\N'\t:\ﬁ' Y \'f,":‘.-\,\_c“_. e "..,.__.J;‘.L"f,;:'.l‘f‘,:‘y;.fll-':’x PR
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PROGRAM 17

SPAT.ckt = 10-28-85 10:13:98

'THIS MICROSTRIF 8P4T SWITCH USES THE EQUIVALENT CIRCUITS FOR THE FORWARD
'AND REVERSE BIASED SERIES MOUNTED PIN DIODE.

DIM
LNG MM
CCKT . -
MSUB ER=2.2 H=.7874 T=.034 RHO=.7066 RGH=0
MLIN 1 12 W=2.46 L=10
MLIN 2 4 W=2.46 L=10
MLIN 5 3 W=2.46 L=10
MLIN 6 13 W=2.46 L=10
MLIN 7 14 W=2.46 L=10
{
SRL 4 12 R=4 L=.3 ' MODEL OF FORWARD BIASEC PIN DIOGE
CAP 4 12 C=.05 o
!
SRLC S 12 R=1000 L=.3 (=.05 | MODEL OF REVERSE BIASED PIN DIODE
CAP S 12 C=.05 | |
i : '
SRLC 6 12 R=1000 L=.3 C=.05 | MODEL OF REVERSE BIASED PIN DIDDE
CAP & 12 C=.05
{ .
SRLC 7 12 R=1000 L=.3 C=.05 { MODEL OF REVERSE BIASED PIN DIGDE
__CAF 7 12 C=.05 |
.
MATCH 3
MATCH 13
MATCH 2
DEF2P 1 14 SP4T
- ouT |
- SP4T DBLS!111 GRI
SP4T DBLS211 GR1
FREQ :
SWEEP 1 7 .2
GRID 5
RANGE 1 7 .5 5 5
GR1 -20 0 S i
GR2 -2 0 .5




PROGRAM 18 S 157

SSERSP4T.ckt - 10-28-85 11:246:51

'THIS SP4T SWITCH USES A COMBINATION OF SERIES AND SHUNT MOUNTED PIN DIODES
' THE THEORETICAL MODELS FOR FORWARD AND REVERSE BIASED DIODES ARE USED.
DIM ‘ |
LNG M1
VAR | |
L=16.2¢ | LENGTH OF LINE BETWEEN PIN DIODES.
CKT | ,
MSUB ER=2.2 H=.7874 T=.034 RHO=.7066 RGH=0
MLIN 1 12 W=2.46 L=10
MLIN 2 15 W=2.46 L=10
MLIN 18 3 W=2.46 L=10
MLIN 19 13 W=2.46 L=10
MLIN 22 14 W=2.46 L=10

MLIN 16 4 W=2.46 L"L
MLIN 6 20 W=2.46 L~L
MLIM 7 21 W=2.456 L~L
MLIN 5 17 W=2.46 L°L
{
S2PA 4 12 G SPINFOR ) | S-PARAMETERS FROM PINFOR PROGRAM
] . .
TLIN 15 23 2=50 E=29.819 F=4 !
TLIN 25 16 Z=50 E=29.819 F=4 . !
IND 23 24 L=.2 | MODEL OF REVERSE SIASED SHUNT PIN DIODE
IND 24 25 L=.2 ! '
~SRC 24 0 R=4C0 C=.14 1
, _
S2PB S 12 0 SPINREV 1 S-PARAMETERS FROM PINREV PROGRAM
1
TLIN 17 32 7=50 E=25.753 F=4
TLIN 18 34 Z=50 E=25.753 F=4

1
| :
~IND 32 33 L=.15 + MODEL OF FORWARD BIASED SHUNT PIN DIOOE
IND 33 34 L=.15 ' ! ' B
SRL 33 0 R=.8 L=.02 !

S2PB & 12 0 SPINREV - ! S-PARAMETERS FROM PINREV PROGRAM

-TLIN 19 26 Z=50 £=25.733
TLIN 20 28 Z=50 E=25.733
IND 26 27 L=.15

JIND 27 28 L=.15 |

SRL 27 O R=.8 L=.02

M
o
FS

MODEL OF FORWARD BIASED SHUNT PIN DIOOE

S2PE 7 12 O SPINREV v ! S—PARAMETERS FROM PINREV PROGRAM

TLIN 21 29 7Z=50 E=25.753 F=4 !
TLIN 22 31 7=50 E=25.753 F=4 !~ '

IND 29 30 L=.15 \ ! MODEL OF FORWARD BIASEQ SHUNT PIMN OIODE
IND 30 31 L=.15 ' \Q

SRL 30 0 R=.8 L=.02 3

{ )
MATCH 3 L ‘
DEF4P 1 2 13 14 SP4T RN %o

N

o

2y

v
ouT '
SP4T DBLS111 GR1
SP4T DBLS211 GR1
Il____‘%*‘mﬂh-—]lg - ‘. *’iﬁ‘;“*‘“‘—"“““ "f—’mf&ﬂ I,’ ?l

L




PROGRAM 19 . \ 158

SERSP47T .ckt

' THIS MICROSTRIP SP4T SWITCH USING THREE SERIES MOUNTED PIN DIODES IN
'EACH BRANCH TO INCREASE THE ISOLATION. THE S—PRAMETERS FOR THE THEORETICAL
'\MODEL OF THE PIN DIODES ARE USED WHICH HAVE BEEN GENERATED BY THE PROGRANMS
|PINFOR AND PINREV. | | .
DIM
LNG MM
VAR -
L=10 . | LENGTH OF LINE BETWEEN SERIES DIODES
W=2.46 | WIDTH OF LINE BETWEEN PIN DIODES
CKT
MSUB ER=2.2 H=.7874 T=.034 RHO=.7066 RGH=0
MLIN 1 12 W=2.46 L=10
MLIN 2 40 W=2.46 L=1
MLIN 46 3 W=2.46 L=10
MUIN 42 13 W=2.46 L=10
.46 L=10
46 LoL
.46 LoL

MLIN 4414
MLIN 41 15
MLIN 43 19
MLIN 22 45 L46 L7L
MLIN 18 47 46 LAL
MLIN 16 4 W W L°L
MLIN 6 20 WW L~L
TMLIN 7 21 WM LAL
MLIN 5 17 WY L7L

E e e e e
T | R T

NN FIN N

, o
S2PA 4 12 O SPINFOR
S2PA 15 16 O SPINFOR
S2PA 40 41 O SPINFOR
S2PB S 12 0 SPINREV
S2PB 17 18 O SPINREV
52PE 46 47 O SPINREV
S2PB & 12 O SPINREV
SZPB 19 20 0 SPINREV
S2PB 44 45 O SPINREV
S2PB 7 12 G SPINREV
SZPE 21 22 O SPINREV
S2PB 42 43 O SPINREV -
H

MATCH 3

DEF4F 1 2 13 14 SP4T
ouT .
SPAT DSLS11J GRI
SP4T DBLS211 GR2
~ SP4T DBLS311 GRI

FREG |

SWEEP 1 7 .2
GRID

RANGE 1 7 .3

GR1 =73 0 5
~GRZ -5 01

GR3 -30 0 5
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Flow Chart to calculate the Coupler width, Even mode impedance and
0dd mode impedance given the height of the dielectric between ground
planes and conductors, for a single section overlay Coupler.

START

WHAT IS THE TOTAL |
HIEGHT OF DIELECTRICY

|

WHAT 1S THE HIEGHT OF THE
IDIELECTRIC BETWEEN CONDUCTORS

)

WHAT IS THE STARTING VALUE |
1 FOR_THE EVEN MODE JMPEDANCE? |

CALCULATE ODD MODE IMPEDANCE
50t2=200%20¢e

CALCULATE ELLIPTIC INTEGRAL
FROM Zoe [ KUO J

TARTING V. =67

CALCULATE K(k"/K(k) FROM k

CALCULATE DIFFERENCE

DISPLAY k

CALCULATE ODD MODE IMPEDANCE
LEROM_THE CALCULATED k

ALCULATE DIFFERENC

BETWEEN THE TwO VALUES
0fF Zoo

+ ERROR

TERD ERROR

[ DisPLAY ODD AND EVEN MODE IMPEDANCE _|

. [ CALCULATE WIDTH OF STRIP AND DIsPLAY |

END




PROGRAM 20b

Dot

Ul ) e

I
Din ]

L
DGR

D AR R
AN U DA RN

L andll ood [ Sy
D I <
Pl |

fery
[23]
D]

0 S ST

W e L0 00
KX

[

[ TV I 90 T T [0 b bt bt

o) Cod 0ed £u) Gad ol G Do) Ged T 003 1)

Q0 =g 0]

AR

I N
[ Y]
ST

Y
[gX]
[

o
£ i)
1715

45a.

REM OVERLAY COUFLERS

FEM -—-—-m———m—m——————

QISP "R DIELECTRIC COMETARMT
OF 2.2 IS5 RSSUMED®

ODISP “TOQTAL HIEGHT OF DIELEC

TRIC IH mm"

INFUT E

DISPv“HIEEHT OF DIELECTRIC

EETHEEH COHOUCTORZ="
IHPUT 5

OIzp “"EYEN MODE IMPEDRHCE="

:—_‘.;- A Rt E

¥=2 2~ S¥ELL1E2 .2

FEH ———————mmmm——mmm e
REM EL! -

CIND

LI
THE FIR
&7
+ o
+
) :*
I Yy Baal
IF T}E *HEH =38
K=¥-. 881
GoTo 156
K=H+. 861
1955

5*"_03' “1+}~ I R A O
G 102 2 9B SET

[
PR u

(A <. @5 THEH 270
THEN 256

wa@ﬁm
o -~
12

GoTo 166
PRINT "0DO MODE IMPEOAHCE": 0
PRINT “EVEN MODE IMPEDRHCE";

FoiKEE-S—1)2/ (B CKESI-10
2= SELOGEC1I+SAR(PII A1~ CDPrP
F—‘=tLorrr1+:ﬂR-P-xk;xf1——uR
CF 3 KD

W=2¥B-Pl&{Q-S¥R~-B2

PRIHT "WIOTH OF STRIF IH mm"
W :

EHDY

160



PROGRAM 21 | | 161

IDEALPHA.ckt

| THE CIRCULT CONSISTS OF A POUER SPLITTER WHICH FEEDS TWO 308 COUPLERS.
VAR
R1=1E4
R2=0
ZE=125
70=20
CKT
TLIN 1 2 Z=50 E=10 F=4
TLIN 2 4 2=70.7 E=90 F=4
TLIN 2 3 2=70.7 E=90 F=4
RES 3 4 R=100 . _
CLIN 3 8 9 10 ZE~ZE 20°Z0 E=90 F=4
CLIN 4 7 6 5 ZE~ZE 20°Z0 E=90 F=4
CLIN 9 12 6 11 ZE~ZE Z0°Z0 E=90 F=4
MATCH 12
RES 8 0 R™R1
RES 10 0 R™RI
RES 5 0 RR2
RES 7 0 R*R2 -
DEF2P 1 11 PHASE
ouT :
PHASE ANGLS211 GRI
PHASE DBLS211 GR2
. PHASE DBLS111 GR2
FREQ
SUEEP 2 6 .2
GRID |
"RANGE 2 6 .5
GR1 ~180 180 20 | , o
GR2 -20 O 1 o o I

THESE VALUES ARE CHANGED TO ALTER
THE PHASE SHIFT.
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APPENDTIX B
Specifications and Characteristics

of Components
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HERMETIC PIN DIODES FOR 0t 0
STRIPLINE/MICROSTRIP, 5082-3141
SWITCHES/ATTENUATORS | 30823141

Features.

® Broadband Operation
— HF Through X-Band

® Low Insertion Loss
— Less Than 0.5dB to 10GHz
(5082-3140, 3170)
High [solation
— Greater Than 20dB to 10GHz
{5082-3140, 3170)

Fast Switching/Modulating
— 5ns Typical (5082-3141)

Low Drive Current Required
— Less Than 20mA for 20dB Isolation

Description (5082-3141)

These Hewlett-Packard PIN diode switches/attenuators consist of specially processed silicon PIN diodes in shunt configura-
tion within a 50 ohm hermetic package. They are optimized for good continuity of characteristic impedance, which aljows
a continuous transition when used in 50 ohm stripline or microstrip circuits. The HP package style 60 is a direct mech-
anical replacement for HP package style 61 with top cap. For-mast applications the 5082-3140, 3141, and 3170 are direct
electrical replacements (with top cap in place) for the 5082-3040, 3041, and 3340, respectively. Because of a difference in
chip location between packages 60 and 61, there will be a difference in the phase relationships between equivalent devices.
When, forward biased, the PIN diode will appear as a current variable resistor in shunt with the transmission fine, its value
being variable from less than 1 ohm at high forward bias to greater than 10,000 ohms at zero or reverse bias. The stripline
package concept overcomes the limitations in insertion loss, isolation, and bandwidth that are imposed by the package
- parasitics of other discrete devices.

The PIN diode chips used in the 5082-3140 and 5082-3170 devices are of oxide passivated planar design; the chip used in
the 5082-3141 is of oxide passivated mesa design. Passivation and package hermiticity ensures maximum stability and
reliability. )

Applications

These diodes are designed for applications in microwave and HF-UHF systems using stripline, or microstrip transmission
line techniques. '

Typical circuit functions consist of switching, duplexing, multiplexing, leveling, modulating, limiting or gain control func-
tions as required in TR switches, pulse modulators, phase shifters, and amplitude modulators.

Near ideal transmission characteristics and low intermodulation products from HF through X-Band are provided by the
5082-3140. The 5082-3170 is a reverse polarity device with characteristics similar to the 5082-3140.

The 5082-3141 is recommended for applications requiring fast switching or high frequency modulation of microwave sighalé
or where the lowest bias current for maximum attenuation is required. -

More information is available in HP Application Notes 922 (Applications of PIN Diodés) and 929 (Fast Switching PIN
Diodes). Special Information #5 discusses harmonic generation in PIN diodes.

o— —0 o —0
5082-3141 . . -
5082-3170 S Z : 2 5082-3140
CATHODE | HEATSINK ANODE | HEATSINK
Oo— -0 o- ’e)

Figure 1. Heat Sink Polarities
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BIAS CURRENT {mA)

Figure 6. Typical Attenuation vs. Bias Current at f = 8GH:z

'Environmental Capabilities

1.6 - 1.5 0— — T - T
j‘k‘?b‘ﬁ’:f‘- -3 . } S W -t -+ . -
3140, 314 3140, 3141, 3170 o
WP (Y 1.25 - /‘
g 1.0 - s R . ¢
o ' A
-4 - . / .
3 z .75 v -
g ] 1 . et - .
E DU IR / .
w 5 \ " ) R
g B p \/// T
- ¢ 3 o
25|t
. =l B N IR "
. . - xte
1.0 e :
[ 10 4 18 % 4 6 8 10 122 14 16 18
FREQUENCY (GHz) FREQUENCY (GHz)
Figure 4. Typical VSWR vs. Frequency Figure 5. Typical Insertion Loss vs. Frequency
100 30 T .
N P I
.. . i -
: z S T
a = ) \ \ SRR
S 10 g % g G, - |-
- o - . « :
. < . - g .
? g 5 . \ 2 n
prr o : . \"D R
ol W) 2 2 "I)
) . 0 | -
< P \ :
. * ) O
; 2 : 18 %
) 0 1 10 10 100 2 6 10

FREQUENCY (GHz)

Figure 7. Typical Isolation vs. Frequency

The HP package style 60 is capable of passing the following environmentat tests,

_MIL-STD-750
Reference . :
“1021 Lo T
71031 . ‘—65°C to +150°C -~
R ~-65°Cto+150°C - "'~ =~ - '

- '.2026 230°C as applicable :
Temperature—Cyclihg" - 1051 . " 5 cycles, —65°C to +150°C : SRR
Thermal Shock 4 4% B3y 1056 5cycles, 0°C to +100°C .~ -~ w v

.7 Shock. -,';; e 4 2016 5 blows, Xy, X5, Yy, Y5, 2,, 2, @ 1500(5 e
V:brat«on Fatlgue ST 02046 32 hours, X, Y, 2@20G . . MRS

% - Vibration Variable Frequency T

‘ et S AR e e e e e

- —— -

2056 Four 4-min. cycles, X, Y, 2, @20 G Mm., 100 to 2000Hz
% Constant Acceleration .- <, ~.-. ' ,2006 20,000G Xy, X5, Yy, Y,, z,, Z, '
“Terminal Strength’-7 3.2 : 2036 - . | Tension and Bending Stress A
::Barometric Pressure . 47+ 1001 - 150,000 feet s . T .
Salt Atmosphere *; : Tl 1041, - = i e e S R e
& - Hermetic Seal - DAY :‘: - 10717 Helium and Gross Leak . =~ = - . et

114




CdB

AaNsSERTIUN LUOSS

Measurements taken on the HP3141 PIN Uiode —  #°

FIH #1 FORMWARD BIASED 23m  PIN #1 FORWARD EIASED

22. 57 , . :857
) ~ £ 3
m ; -
23,5 v .95% .-”\ A
] \/ " 1 / . 'l ']
i : )
, |
\/\ V\./\ s M o
- 1.18 \ }
: . . w {
o \j
‘El 25 / -
4 o
27 .5 4 oot - 1.35 e e B t
2r. o7  4rsdiv 6 | 2 Ldsdin _

o Frequency ¢(GHz) - Frequency (GH=z?
FIMN #1 FORMARD EBIRSED Z2ZmA (§1Q FIH #1 FORWRRD BIHSED_(SlQ
FREGUENCY INSERTION LOSs _ FREQUENCY . RETUEH LOSS

GH=z dB Deg ) - GH=z dB [lea

2.9088 - 27.08 20, Z2.6809 1.1 153.

2.188 26 .32 32. 2.1688 i.1 151,

2.280 25.9 38, Z2.2008 1.1 143,

2 .3aa 25.9 28. 2.34aa 1.1 148 .

2.408 25.¢8 24, 2.408 1.8 147.

2.5488 25.2 31. 2 .5%04a 1.0 145 .

2.660 24 .9 25. Z2.68u 1.4 i4G.

2.78a8 24.8 25 . 2.7a8n 3.9 144 .

2. R8G5 24.7 z26. 2.5880 1.8 141.
2. 9166 24.6 - 24. 2.949 1.1 1441,
3.60a 24 .2 24 . 2.605 1.2 137.

2188 . 24 .6 24 3.14aa 1.3 125,

2.288 co 24 _4 23. 3.288 1.2 133,

3.320a . ' 24.7 22 . Z.208 1.2 131.

3.4a@n 24.2 25. 3.48a o 1.1 124,

3.5640 24.9 249 . 3.588 * 1.1 129,

3.588 24.1 19, 3.4684 ’ 1.8 12,

3.7vaa 24.7 i9. 2.7848 1.1 126,

3.26848 24 .3 23. 3.2dav 1.2 124.

3.948 23.8 18. 3.240 1.2 122,

4.0403 24 .2 15 4. 4696 1.3 121,

41848 24.5 19, 4.184a 1.2 1a.
4.2609 £23.9 28. 4. 289 1.2 117.
4.3840 24 .1 15. 4.384a8 1.6 113,
4. 4649 24.9 16. 4.40880 3. 115
4.5040 24 .5 .23, 4 .50 . 8.9 114
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€.000 24 .5 21 . £.CQ8 4.2 iaz .
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SILICOK WITRIDE PASSIVATED
BEAM LEAD PIN DIODE

DESCRIPTION

The MA-47201 PIN diode is constructed with beam leads for ease of assembly onto strip-
line or microwave integrated circuits. The surface orientated junction results in an ex-
tremely low junction capacitance for high speed switching. The silicon nitride passivation
yields a device which is impervious 10 moisture allowing its use in environments which are
not hermetically sealed.

APPLICATIONS

The MA-47301 beam lead PIN is intended for use in broadband microwave stripline and
integrated circuit control functions through Ku-band. Microwave signal processing func-
tions consist of switching and attenuation in switches, phase shifters, limiters, duplexers,
modulators and other similar applications. . H

FEATURES ' -

Silicon nitride passivated fotr use in non-hermetic containers

@ Surface orientated for low parasitics and fast switching
@ B Special plating process for sturdy beams
B Low series resistance with 15 femtofarads reverse bias capacitance

>
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(SPECIFI_CATIONS @ TA.*: 25°C
Specification Symbol I Min. Typ. Max. Units Test Condition
Capacitange CVR - .015 0.02 pF VR = 50 Volts, f = 1.0 MH2z
Series Resistance Rs - 6 8 ohms IF = 10 mA, f = 500 MHz
Breakdown Voltage i Var 50 75 ; .- Volts IR =10 uA
Forward Current : IF 10 - - mA Vg = 1.0 Volit
Minority Carrier :
Lifatime TL - 20 —_ ns IF = 10 mA
RF Switching Time tRE - 5 - ns VR = 10V to IF =10 mA J
MAXiIMUM RATINGS | \
y  Total Power Dissipation 250 mW

Temperature:
Operating
Storage

—65 to +175°C
—65 to +200°C

N\
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FEATURES

¢ Low Capacitance . .02 pF.

@ Low Resistance 3.0 ohms

© Fast Switching - 15 Nsec-on,
25 Nsec off

a High Vcltage 200 volts

®

- Oxide Passivated

DESCRIPTION

The DSG6470 and DSG6474 Series of siticon oxide

passivated beam lead PIN diodes are designed for stripline

and microstrip signal processing applications through

34 GHz, Extremely low iunction capacitance combined

with low series resistance makes these diodes ideal for
circuits requiring high isolation from a series mounted
diode, such as broadband multi-throw switches, and
certain types of phasév shifters, limiters, attenuators and
modulators,

The DSG6470 and DSGE474 beam lead PIN diodes are
constructed with a surface oriented junction and with
niated gold beam teads for assembly onto stripline or
microstrip microwave integrated circuits.

The silicon oxide passivation provides complete sealing
of the junction, permitting use in nonsealed assemblies.

- Alpha Industries has prepared an application note on
suggested handling and bording procedures for these
diodes, which is available on request and which will

" assure optimum assembly into your circuit.

ARSOLUTE MAXIMUM RATINGS

Total Power Dissipation 250 mW

Reverse Working Voltage  200/1C0 Volts
Storage Temperature 175 Degrees C
Operating Temperature 150 Degrees C

Printed in U.S.A,

DSGG474 &
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SPECIFICATIONS
Minorixy4
, RE4 Carrier
‘ 1 Max Series’ Max Juncxiona Switching  { Lifetime
Modet Min Resistance Rs Capacitance Ci Time Tg Typ.
Number Vg {ohms) (pt) {ns) {ns)
D0SGsa70A | 200 55 .03 25 100
DSG64708 |. 200 4.0 .04 25 100
DSG6470C . 200 3.0 .06 25 100
-DSG6470D | 200 -~ 5% ‘ .06 25 100
DSGGA70E | 200 i 40 1 .02 25 100
DSG6474A 100 85 .03 25 100
DSG64748 100 : 40 .04 25 100
DSG6474C 100 ) 3.0 .06 25 100
DSG6474D 100 | 55 .06 25 100
DSG6474E | 100 4.0 ‘ .02 25 100
Notes:
"1. Breakdown voftage measured at 10 LA,
2. Series resistance calculated from insertion loss at 3 GHz, 50 mA.
3. Tctal capacitance calculated from isolation at 3 GHz, zero bias,
Series resistance and capacitance are measured at microwave frequencies
on a sample basis from each lot. All diodes are characterized for
- .. capacitance at -50 voits, 1 MHz, and series resistance at 1 KHz, 50 mA,
- measurements which correfate weil with microwave measurements,
4. Tsmeasured from RF transmission, 90% to 10%, in series configuration,
Refer to section on RF Switching.
Beam Lead Pin\ Duroid Substrate
: : ' \ _ / 50 ohm Glass Bead
2T 4 3 2
o | ZN 7Y,
Figure 1a. Typical SPDT Circuit Arrangement N : X \
\ Connecting
=) Lead

~y 005"
B.eam Lead Pin \ l

50 ohm

Transmission

Line

l Préferred Beam
Lead Orientation

Metal

C
GR onductor

Duroid



LICATIONS

pical application of beam lead PIN diodes is shown
igure 1, a single pole double throw 1—18 GHz switch.
diodes are mounted on alumina, Duroid, or Teflon-
rglass 50 ohm microstrip circuits. Typical bonding
hods inciude thermal-compression bonding, paraliel
welding and soldering.

T isolation curves are shown in Figure 2 and inser-

Joss in Figures 3 and 4. With proper transitions

bias circuits, VSWR is better than 2.0 to 1 through
GHa. '

ITCHING CONSIDERATIONS

e typical minority carrier lifetime of the DSG6470
4 DSG6474 diodes is 100 nanosec. With suitable
vers the individual diodes can be switched from high
pedance {off) to low Rs (on) in about 10 nano-
‘onds. Switching in the opposite direction is slower,
L to *he need to extract stored charge (carriers)
ict  ve diffused away from the junction. Typically,
high reverse bias voltage, say -20 volts, this requires
out 2C-50 nanoseconds. With a raverse bias of -1V,
iich is the maximum available in simple SPDT without
ividual biasing circuits, the switching time is on the

der of 100 nanosec.

_POWER HANDLING

Due to a high internal thermal impedance of about

- 300 degrees C/watt beamlead diodes are not suitable

for high power operation.

With maximum CW power dissipation of 250 mW the
DSG6470 and DSGG474 diodes are normally rated at
2 Watt CW with linear derating between 25°C and -
150°C. Figure 5 presents data on CW power-handling
as a function of bias and frequency.

For pulsed operation the total RF plus bias voltage
must not exceed the rated breakdown. Alpha has.
made high power tests at 1 GHz with 1 microsec
pulses, .001 duty, with 200 volt diodes. With 50 mA
forward bias there is no increase in insertion loss over
-the G dBm level with a peak power input of 50 watts.
In the “open’’ state reverse bias voltage is required to
keep the diode from "rectifying”, with resultant de- -
crease in isolation and possible failure. Figure 6 shows
allowed peak power versus reverse bias at 1 GHz.

At this frequency the required reverse voltage is almost
equal to the peak RF voitage; at high frequency the
bias can be reduced somewhat. Experimentation is
necessary. '
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Frequency {(GHz) Bias C\jrrent, mA
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APPENDIX C
Single Pole Double Throw
Switch Microstrip Layouts

and Microwave Capacitors
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microwave/millimeterwave
ceramic capacitors

2

em -

The Ultimate in Capacitor Design!

® Lowest insertion loss

. ® Lowest self inductance

@ Lowest series resistance

® Easy to mount

® Matches stripline width

GAP-CAP
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\|gap
microwave/millimeter
ceramic capacitors

(Cashr e

WaVe

e 3

~dielectric :

1NC
2 wo AL
s i

s

£ <“laboratories™

K ¥ n 13
G410 G15 - G20

G25 G30 G35

*Chips shown larger than actual size.

Environmental Parameters Dimensions
Parameters -MIL-STD-202- STRIPLINE ‘
Method Condition’ L
"t Thermal Shock 107" A
Immersion : 104 . B
Moisture Resistance 106 -
Solderability 208 - .
pesisiance fo Solder Hea a1 < Capacitor width is designed to match stripline width.
U _ -
g:;%??m‘? Pressure ' ;?g ? Dimensions and Capacitance Ranges
Vibration - 204 G {inches)
' : L Gop Moximum |
Mechanical P : | style w Mox _ |width T Capacitance
echanical Parameters | 25v ] sov {max. | 2sv 50V | 25V_]50V
Bond Strength Exceeds MIL-STD-883, Method 20114 000 ‘ 06+001] 170F | 12pF |
Shear Strength  Exceeds MIL-STD-883, Method 2019 G10 | 010% gy | 030 | 030 | 005 1 004=001 | 006001} 7R} 120
Breaking Strength 10 times greater than MOS capacitors G15 .015:'832 040 | 040 { 008 | .004=.001 | .006+001] 30pfF | 22pF
Metalization Gold, 100  in. standard thickness /000 | . +001] 510 | 330F
Hermeticity Impervious fo moisture and solvents G20 | 020= 55 050 ) '950 010 | 004001 | 006=001) S1p P
. . G25 .025:'882 060 | 080 | 020 | 0042001 | .006+001] 62pF | 62pF
High Reliability Testing . 630 | 0302099 1060 | 080 | 020 | 0042001 | .006%.001| 82pF 3'2ij
Diz‘\?C’A"C LOZOFOf?fie&E%fgggz ;he following tests: G35 | 0352005 | 060 | 080 | 020 | .004+001 | 006=001| 100pF 100ek
A) According to MiL- : » Gs0 | 0sox010 | — . josofo20) - 006+.001) —  |150pF]
Group A--100 hours burn-in plus 100% screening ' P
Group B—Group A festing plus temperature ] ‘ ‘ (Mllhmeters)
coefficient and solderability 610 | 2542390 1 762 | 762 | 427 | 1022025 | 452=025| 17pF | 120F
Group C—Group A and B testing plus 2000 hours life G15 | .381:‘832:1.016 1016 203 | 102%025 | 1522.025( 30pF | 22pF
(B) SpeC|_clteststoprovudeihe highest quality assurance. | c20 | _5081332%270‘ 1270| 254 | 102025 | 152+025| S1pf | 230F
Note: gap-caps are e approved. : | : |
P i anat 625 | 6352000 1452412032 508 | 022025 | 4522.025| 62pF | 620F
‘Temperoture Coe |c1en! D-e5|g ators 630 | 762299 11524]2032| 508 | 1022025 | 152+.025| 820F | B20F |.
Performance Characteristics , Q76 : |
1C.  |MaxoOF G50 |roromzon | o 2o 08 | "m0 | Aermoze] - hsopr
Dieiec 1.C. (—55to +125°C) 1 MGHz 1 IR | Larger styles availoble. ‘ ‘ | . ‘ ’
Matrl. | Desig. PPM/C % 25°C j bWV ~ .
9. / = % | ; Packaging
Class! | CF 015 6 | >108 : . .
cG 030 7 >406 Waffle Pack —Max. 400 capacitors/pack ]
NR N1500=500 25 | >100 | 2.5« : _ .
NS N2400=500 5 >10¢ |Rated| - Part Number Structure
NU N3700=1000 15 | >405 | volt- | : — - :
NV | N4700+1000 12 | >10¢ | age sivie - S 15 8H100M 2 P X 08
Clossil | BG +£10% .20 >10¢ : ~ T
: Case Size
BH *+15% 25 >105 | 1.C. Desianator
BU | +22%. —70% 25 | >100 (o esgnaror,
: . Capacitance Code
Nate. Class | matenals do not age CODOC"OHCG Tolercnce
wWVDC
Gold Termination

High Reliability Testing
Gap Width Designator




PARALLEL PLATE
Precision Shaped Ceramic Capacitors
Recommended For Applications up to 40 GHz

PART NUMBERS AND ORDERING INFORMATION .

Disiectric | Sertes Cop. Vatue |
Class| 0SpF G10CFRO52502" 2o 1 G25crRos25p22 == | G30CFRO5:58 |
06pF ] ] ) G20CFR06.5P_ __ ‘| G25CFR06.5P_ . | GaocFros_SP_ _ | G3s5CFR06:25P2 2t 1 GSOCFRO6Z5PE: 220
08pF 1 ct1oceros_sp_ ] G1scrrossp_ _ 1 Gaocrros.sp___ | G2scrros_sP— . | caocrros_sp___ | G35crRO8.SP.__ | GSOCFRO8_SP_
Apf { c1ocGoR15P_ G20CFOR1.SP_. . | G2s5cror1_5P—__ | G30CFOR1_5P___ | G35CFORI_SP..— | GSOCFOR1_SP_ .
2pf ) eionrom sp___ | Giscoorisp___ | cooceome_sp_ | G2scrore_sP__ | G30CROR2.SP___ | G3ISCFOR2.5P_— | GSOCHOR2_SP_.__ -
.3pF G10NRORISP_ . { c200c0r3_sp_ . | G2sceor3_sp___§ G3ocror3sp__ ¥ G35CFOR3_SP__— | G50CFOR3_SP_
ApF 4 G10NsoRs_ 5P | casnrora_s5P___ | G2ocGors_sp___ | G2sceora_sp_ . | G30CG0RASP___ | G35CFOR4_SP____ | GSOCFOR4_SP_
5 pF 1 G1ONSORS_5P—— | G15NRoRs_5P_ __ | G2onRoRs_sp___ | G25CGoRS. 5P | G30060Rs_5P— | G35CGORS_SP_— | GSOCFORS_SP_
OpF G10NSOR6_SP_ . | G15NRORS_5P_ _ | G20NRORS.S5P_ __ | G25CGOR6_SP— — | G30CG0R6.5P_ ] G35CGORS_SP.— | GS0CFOR6_SP_
BpF G1ONUORB_SP_ . | G45NSORB.5P___ | G20NRORS.S5P_ __ | G25CGOR8.SP—._ | G30CGORS_5P._._ | G35CGORE_SP_ . | GSOCGORS_SP_ __
1.0pF G1ONUIR0.5P_. | G15Ns1R0.5P—. _ | G20NR1RO_SP..__ | G25NR1RD_SP— _ | G30CG1R0.5P_ | G35CG1R0.SP—___ | GSOCGIRO_SP_
6 4.2pF | c1onur2sP_— | GISNSIRZSP.... | G20NSiR2_5P_ __ | G25NRIR2_SP. — | G3ONRIR2.5P_ _ | G35CGIR2.5P_ — | GSO0CGIR2_5P_
= 4.5pF G1ONURS_SP_.— | GISNUIRS_SP___ { G20NSIR5_5P_ _ | G25NRIRS_SP___ | G3ONR4RS.SP___ | G3SNRIRS_SP___ | G50CGARS.SP—
. ¢ 1.8pf G1ONVIRS_5P_.. | GisNUtRe.5P . | G2onsqre_sP___ 1 G2snrire 5P __ | GIoNRIRS.SP____ | G3SNRRB_SP___ | G50CGIRE_SP___
(':? 2.2pF | clonvvara_sp___ | Gisnuzre_sP_ | Gaons2re_sp..__ | G2sNsar2.sP_ . | G3oNRIR2_SP_ __ | G3sNR2R2.5P.___ | GSOCG2R2_SP_
g 2.7pf | Gisnu2R7_SP___ | G20NU2RT_SP____ | G25NS2R7_SP_ GIONS2R?_SP_ | G35NR2R7. 5P | GSONR2R7_S5P_ .
< 3.3pf | G15NvaRI_SP_._ | GaoNuara_sp___ | G2sns3r3_sP_. . | Gaons3Ra_sp___ | G35NS3R3_SP___ | GSONRIR3I_SP_.
¢ 3.9pF | GASNVIR9.SP___ | G20NU3RP_SP_ __ | G25NS3R9.5P_ | GIONSIRO_SP___ | G3I5NSIR9_SP__. | GSONRIRO_SP___
T 4.7pf ; G20NUaR7.5P_ . | G2snuarT_sP_ _ | Gaonsar7_sP_ . | G3SNS4R7.5P_ . | GSONR4R7_SP_
o 5.6pF | G20NUSR6.5P . | G2sNusre_sP_ | GaoNusRe.SP___ | G35NSSR6_SP_ . | G5ONSSR6_SP_
x 6.8pF - | G20NVSRE_SP_. . | G25NUsRE_SP_ | G3ONU6RS.5P___ | G3SNUGRB_SP__— | G5ONS6RE_5P_
8.2pf G25Nusr2_5P— — | G3onusrz._sP_ __ | GasNusR2_SP__ | GS5O0NSBR2.SP_ .
10pF | G25NU100._5P— | G3onu100_5p_ | G3IsNU100_5P__ | GSONS100_5P__
12pF ! G25NV120.5P. . | GIONVA20_5P_.__ | G3SNUA20_5P____ | GS5ONUA20_5P
15pF | G25nv1s0_sP_ . | G3onv4s0.5P— — § GISNUAS0_5P___ | GSONU450_SP_ __
18pF | G30NV480_5P___ | G35Nv160_5P . __ | GS50NU180_5P_
20pf ] | | c3snvao0.5p. | Gs0Nu200.5P_
2pF | § G35NV220_5P_ — | GSONU220_5P_
27pF G50NV270_5P—
33pF | GSONV330_5P_. —
Class it 1.0pF G10BG4R0_SP_ __ |
1.2 pf | G108G1R2.5p ___ |
1.5pF G40BGARS._SP____ | |
1.8pF G108G1R8_SP___ | |
2.2pf G108G2R2._5P._._ | G15BG2R2.5P__
2.7pF G10BG2R7.5P_..— | G15BG2R7_SP_ __ . |
3.3pF G10BHIR3_5P_ . | G15BG3R3ISP___ | G20BG3R3.SP... __| |
3.9pF G108HIRY_SP____ | G1s8GIRe_SP_ . | G20BGIR9.5P.. | |
z 4.7pF G10BHART_5P____ | G15BG4R7_SP—_... | G208GaR7_sp___ | G2s8Gar7_sp_.__ |
g 5.6pF G10BHSRe_SP_ __ | G1sersre 5P | G20BGSRe.SP_.._ | G258GSR6_SP.._ | G30BGSRe_SP_
< 6.8pF G108UsR8_SP_ __ | G158H6R8_SP_.__ | G208GeRs_sP___ | G258GeRS_SP___ | G30BGORE.SP_ ]
Q 8.2pF G108UBR2.5P_ __ | Geserere 5P | G2osGeRr2 5P __ | G258G8R2.5P_ .| G30BGER2_SP_.._ ] G358GER2_5P__ |
& 10pF G108U100_5p____ | G1s84100.5P___ | G20BH100_5P_ __ | G258G100_5P— — | G308G100._5P_ . | G358G100_5P__ | G508G100_5P_
‘3(' 12pF G108U120. 5P | G458u120.5P___ | G208H120_sp___ | G258G120.5P_._{ G30BG120_5P_ ] G358G120.5P____ | GS508G420_5P_
o 15pF G1sau1s0_5P— — | G208H1s0_sp___ | G258G1s0_sP___{ G30BG150_5P___ G358G450.5P_._| G508G150_5P___
4 18pF | cissuso_sp___ | coosHiso_se___ | c2seHi1s0_sp—__ | G3aosG1so.sp_. | G3s8G180_5p_ .| G508G180.5P
‘% 20pF | G1ssu200_5p_ | G20Bu200_5p_ | G258H200_5P_ __ | G308H200.5P___ | G358G200.5P___ | G508G200_5P_
a 22pF GA58U220.5P— | G208u220_sp_ __ | G258H220_5P_ .. | G30BH220.5p___ | Gasec220_sp__._ 4 G508G220.5P_
.< 27pF | ] | c208u270_5p. | G25BM270_5P_ __ | G308H270.SP_.__ ] G35BH270_S5P_ . | G508G270.5P_
8 33pF 1 G20BU330.5P_. — | G25BH330_5P_ __ | G308H330_5p_ .. | G35BH330_SP__ | G50BG330.5P_
@ 39pF G258U390.5P—— | G308H390_SP_.. | GISBHI90_SP___ | G508G390_5P_
47pF G25BU470_5P .. | G30BU470_5P_ __ | G35BH470._5¢___ | G50BH470_SP_
S4pF - G258US40_5P—.— | G30BUSA0.5P____ | GISBHS10.5P_.__ 1 GSOBHSA0_SP_
56pF G258US60_5P . | G30BUS60.5P_ __ | G3sBUS60_SP_ _ | G508HS60_SP_
S2pF 1 G258U620._5P— — | G30BU620.5P___ | G358U820_SP___ | GS50BH620_5P_ .
82pF G30BUB20_SP_ __ | G35BU8B20_SP_ _ | GS50BUB20.5P_ —
100pF ] | Gassu0t_sp_ | GS50BU10A_SP_.
$20pF GS0BU424_5P_ —
150pF | G508U151_5P_

“Insert letter for toterance (> =20%);

A==05pf
B==qpF
=25pfF

**insert lotter for high reliability testing:

X = not applicoble, commercial pan
A = Group A as per MIL-C-55681
8 = Group A and 8 as per MIL.C-55681

C = Group A, Band C as per MIL-C-55481

D = Special, agresd upon testing

*=*insert numbers for gap width :

05 = .005" gap for styles G10 thru G50
08 = .008" gap lor styles G15 thru G50
10 = .010" gap tor styles G20 thry G50
15 = .015" gap for styles G25 thru G50
20 = .020" gop lor styles G25 thru G50

Notes: (a) A populor gap width Is 010",
(b) Other gop widths are avoitble trom 002" 10 .060".
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APPENDIX D
Specifications and Measuremenfs of

the Enclosed SP4T Switch
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Measurements taken on the SPLT Switch.

TRANS. PORT 1 ‘ TRANSMISSION : ISOLATION

FREQUENCY RETURN LOSS FREGUENCY INSERTION LODSS FREQUENCY INSERTION LOSZS
GHzZ B Dea GH=z - B Dea _ GH=z dB fes
{.080 13.7 ~-152. 1 .80t 1.5 -117. 1.888 £5 .8 -45.
1.204 15 .4 141. 1,288 1.6 -157.. 1.208 c4.7 13.
1.480 15. 6 29 -1.408 1.7 173. 1.4898 4.5 146.
1.56848 15.8 &3, i.689 1.2 142, 1.6808 54 .2 -127
1.c98 16.7 27 .. 1.3886 1.8 182, 1.2688 0 % -7
2.0840 18.2 -7. 2. B8aa 1.9 - 2.084 63.2 . 57.
Z.z0a 19.8 -39, 2.280 1.9 48, 2.z206 53. %2 152.
2.4349 21.5 -6g. 2 .4998 1.9 18. 2.480 63.8 -159
2.5\a 22.9 -31 ., 2.690 1.9 -13. 2.5064 £3.8 ~44
2.82uv 23.2 -189. 2.5068 2.8 -44 ., 2.8m8808 £3.7 3 3
3.8840 22.7 -123, 3.880 2.6 ~-74. 3.668 63.5 138.
3.24Q8 21 . & -141. Z2.2p48 2.8 -183 3.288 63.5 -133.
2.498 28.6 - -168. 3.488 2.6 -133. 3.4008 53.4 24 .
2,608 12.¢& -1g8. 3.6809 2.1 -165. 3.6848 : &3.4 54.
3,289 12.4. 166, 3.5808 2.1 166 . 2.264 63.3 137.
4.908 196 141 .. - 4.8848 2.2 127 4.008 63.2 -21 .
4. 288 z28.2 22. 4. 298 2.1 185. 4. 2041 53.1 -13.
4.484 1.8 184 . 4 .489 2.2 = 4 . 484 €z2.9 26,
4 5884 21.7 82, 4. 6@0 2.1 45 . 4.5948 52.9 -118.
4 . 289 22.9 52, . 4,380 2.3 15. 4 .88 2.8 -24 .
S.988 23.& S51. 5.808 2.3 -132. 5.@084 52.8 -67 .
5.2848 21.4 24, 5.z208 2.4 -45. 5.268 2.9 172.
5.488 28.1 -30. 5.40648 2.1 -75. 5.400 2.1 -148,
5. 604 17.9 -g1. S.6008 2.4 -183 3.600 BB .6 -154@.
.5.389 15.3 -127. 5.280 2.3 -138 5.268 57.°7 136.
& .RBY 12.1 ~-166. 6.8084 . 2.5 -178 6.0888 2.5 167.
&.2849 11.7 157. 5 .280 2.6 162 &.280 51 .8 152,
6. 4434 11.2 123. . 438 2.2 138 5 .4848 55.5 . 167.
£ .88 12.3 114, 6 .68 - 3.8 ab 6.50809 35.3 64 .
6. 5834 8.2 181, & .304a 4.8 449, 6. 848 41.85 37.
T .Ban 5.8 18. 2 Aan a7 7a 7.988 43 .1 25

- —

~ @

@
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APPENDTIX E

Specifications for the Overlay Couplers



TOP VIEW
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Specifications for D M Rachman's Overlay coupler
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APPENDTIX F
S-Parameter Measurements of the CSIR's

Lange Coupler and the Termination Switch



AN

i,

S-parameter measurements of the Lange Coupler

. FREQUENCY

MHz

2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
Z000
3100
I200
3300
F400
Z300
S600
L2700
3800
gA-Tels)
40600
4100
3200
Z00
4400
4500
4600
4700
4300
4900
5000
5100
5200
GO0

3400

RETURN LOSS-IN

DE

17.2
16.8
16.3
16.2
16.0
15.9
15.9
16.1
16.2
16.4
16.7

16.9

17.2
17.5
17.9
18.2
18.5
18.8
19.1
19.4
192. 46
20,0

20. 4

20.8 .

21.3F

21.9

Lo Lo T =4
Al e

e M

e tat A

— T
)

24,3
24,3
23
22,
21.9
20.7
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Measured response of the Termination Switch 16

as shown in Figure 9.18
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