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ABSTRACTS

DESIGN ASSESSMENT

This GTE Final Report for a Frequency Hopping Multiplexer (FHMUX)
5 Design Assessment completes a 12 month study to investigate its
concept and feasibility. This report develops and explains an
approach to permit the operation of up to five frequency hopping
transceivers, in the 30 to 88 MHz frequency range, with a common
wideband antenna.

The results of the study are positive. The FHMUX can perform as
‘ desired and also enhance certain transceiver performance parameters
: such as broadband transmitter noise rejection, more constant

transmitter loading, and increased receiver selectivity. These
positive results should encourage the design and development of an
advanced engineering model.

This report is supported by a Reference Document which discusses
work performed early in the FHMUX program.

FEASIBILITY MODEL

This GTE Final Report completes a successful program to prove the
design concept and demonstrate equipment feasibility for a VHF

i ‘ I‘ Freguency Hopping Multiplexer {(FHMUX). This is a continuation of the
] FHMUX Design Assessment program.

‘ The results of the program are positive. The FHMUX will perform
: ' as required and also enhance certain transceiver performance
{' parameters such as broadband transmitter noise rejection, more
constant transmitter loading, and increased receiver selectivity.
These positive results should encourage the design and development of
an FHMUX advanced engineering model.
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SECTION 1

INTRODUCTION

l.1 PROGRAM DESCRIPTION

This Final Report describes the evaluation and final design
assessment of a frequency hoppable multiplexer (FHMUX) to operate in
the 30-88 MHz frequency range.

Three Quarterly Reports have preceded this Final Report. The
first Quarterly Report describes initial concepts and system concepts
for both single and dual antenna systems. The dual antenna system
provides separate antennas for transmitting and receiving, whereas the
single antenna scheme multiplexes the transmitters and/or receivers on
a single antenna, Preliminary work indicates antenna VSWR as a
possible problem area.

The Second Quarterly Report describes the continued investigation
of system concepts and preliminary hardware implementation. A Bit
Error Rate(BER) performance analysis was initiated. (This final
report concludes this BER analysis and takes into account the
k transmit-receive duty cycle.) The Second Quarterly Report analyzes the
: antenna system and its effect on the FHMUX, and justifies the

selection of a single antenna system.,

The Third Quarterly Report provides introductory hardware design
; concepts for the helical resonator and the shunt capacitive bus used
to tune the resonator. A third means of channel combining was
introduced which was soon recognized to be superior to the others.

This Final Report summarizes the successes and failures of the
previous work. As noted, the BER analysis is completed. Also, new
work is introduced to justify the final system configuration.

1,2 REPORT ORGANIZATION

This Final Report is intended to be a stand alone document which
; : describes the full thrust of the FHMUX design assessment, and the
' logical flow of the task. It is however, supported by a Reference




; Document containing Appendices A, B, C, and D, which are referred to
in the main text. These Appendices describe work performed early in
. ‘ the program. The report is organized as shown below:

Section 2 - Decision to specify a single, rather than a dual antenna

i system
Section 3 - System studies and BER analysis B |
Section 4 - BER performance of the FHMUX 3
[ " Section 5 - Evaluation of hardware configuration .. E
} i Section 6 - Comment and recommendation é
é Section 7 - Bibliography %

Appendix E - Resonator Study
} Appendix F - shunt Capacitance Binary Bus Design

Appendaix G -~ Blockage Rate of the FHMUX

=3 l!- g d bwd md e

|
i
l |
i
i
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SECTION 2

JUSTIFICATION OF A SINGLE ANTENNA SYSTEM

2.1 TRADEOFFS BETWEEN SINGLE AND DUAL ANTENNA APPROACHES

Tradeoffs between single and dual antenna approaches were
conducted; the single antenna approach was selected. This section
contains the reasons for not selecting the dual antenna solution. The
basic dual antenna block diagram and various circulator multiplexing
schemes are shown, the results of a c¢irculator literature search, and
a circulator specification are discussed. Also included are
preliminary RF switching considerations.

2,2 BLOCK DIAGRAM DISCUSSION

Figure 2-1 shows the Dual Antenna System Simplified Block
Diagram. This circuit will take advantage of circulator techniques to
eliminate any tuned circuits for the combining of the transmitters to
a single antenna. Since the inherent characteristics of ferrite
circulators prevent reciprocity, a second antenna and filter
multiplexer must be used for the receiving mode. As shown in Figure
2-1, this dual antenna scheme requires a T/R controlled switching
system to separate the transmitted and received signals for routing to
the correct multiplexer. A description of these circulator circuit
techniques is given in Appendix A. Appendix B discusses the reasons
for the elimination of the dual antenna system (see Reference
Document) .

2.3 DUAL ANTENNA APPROACH CONCLUSIONS

. The FHMUX Design Assessment program plan calls for a
decision regarding the selection of a single or dual antenna
system to be made during the midpoint of the program. The
remaining time in the project will be spent assessing and
refining the surviving system, At the time of the decision,
the load insensitive quadrature coupled combining scheme
described later herein was not yet under consideration.
Antenna loading was then considered to be a major problem
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area, and a high powered linear amplifier was considered as
a buffer amplifier and channel combiner to isolate the
antenha from the filters. Because of the large

amount of dc power required, and the need for excellent
amplifier linearity, this version of the dual antenna scheme
was discarded

GTE has also concluded that ferrite devices will not be
available for a 30-88 MHz dual antenna FHMUX

The dual antenna concept was set aside., Later, a quadrature
coupler channel combining scheme was developed which was
insensitive to changes in antenna impedance. This scheme is
explained in Section 5 of this report, and is used in the
final version of the single antenna FHMUX

A dual antenna FHMUX can be configured to use this
quadrature combining scheme and thus eliminate the high
powered linear amplifier

This "new" version of the dual antenna system has not been
assessed in detail. However, if approximately 15 dB of
antenna isolation can be obtained, a very flexible system is
possible

- If the transmit section of this multiplexer is of equal
quality as the single antenna design, IMD suppression
will be the same as that of the single antenna system

- The volume and weight requirements of this system will
be almost double that of the single antenna system, if
the receiver and transmitter sections have equal
performance capability. Overall system insertion loss
will be slightly higher because of the need for a
transmit/receive switch for each transceiver. Overall
Bit Error Rate performance will be better due to the
approximate 15 dB of "built in" antenna isolation,
which will result in a narrower guard band

- The receiver section filtering requirements can be
reduced if improved BER performance is not required.




For this case, the receiver section wil. have to

withstand about one to two watts of RF power without
generating excessive IMD products

Because of the complexity and size of this system, the
single antenna system as described later on, still appears
to be more workable

The Dual Antenna FHMUX really seems best suited for separate
receiver and transmitter operation, That is, the driving
transceivers will provide direct access to the transmitters
and receivers rather than an additional external T/R switch

The dual antenna system may be the basis for a complete
radio system rather than a field operated unit. The
inherent flexibility of this system will tend to drive its
use to accommodate five or more sets of separate receivers
and transceivers.

boruit,
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SECTION 3

SYSTEM STUDIES AND BER ANALYSIS

3.1 INTRODUCTION

This section is concerned with a frequency hopping multiplexer
which combines five transceivers with a single antenna. Discussed
are: the original proposed block diagram, isolation requirements,
load pulling effects, and evaluation of the BER model.

3.2 BLOCK DIAGRAM DISCUSSION

The preliminary block diagram is shown in Figqure 3-1. As shown,
this implementation is a single broadband system using guadrature
coupled tuned filter elements in both the transmiting and receiving
path. The tuning of these filter elements will be microprocessor-
controlled to prevent collisions of tranmissions and receptions on the
same frequency. The circuit uses the unique and well known quadrature
couplers characteristics of always presenting a 50 ohm impedance match
at the input (or output) port. Cascaded special purpose RF filters are
used to multiplex the RF energy to the antenna.

If a transmitter is energized and the quad coupled filters are
tuned to the transmitter frequency, the RF energy will pass through
the filters with only slight attenuation., If the filters inside the
quad-couplers are not tuned to the transmitter frequency but are
identically tuned to each other, the RF energy will be dissipated in
the quad-coupler terminating resistor. This protects the transmitter
and permits rapid tuning of the filters without the need to shutdown
the transmitter,

3.3 ISOLATION REQUIREMENT

The design assessment stated goal is to achieve system
performance equivalent to that achieved with separate antennas spaced
100 meters apart. Figure 3-2 shows the amount of isolation required by
the multiplexer to provide this equivalent performance, given certain
assumptions regarding antenna gain and the ground plane. As shown,

e
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the required isolation appears to vary from 31.6 dB at 30 MHz to

41.0 4B at 90 MHz. However, it appears that a more realistic
assumption is a minimum of 40 dB isolation between any two channels
spaced +5% apart, across the full 30-88 MHz bandwidth.

3.3.1 1IMD Performance

Figure 3-3 shows that when two tiansceivers are both in the
transmit mode, and separated by 5% in frequency, a zero dBm
interfering signal will appear at the output of both transmitters.
This is based on having 46 dB of isolation between channels., The
degree of transmitter back intermodulation is unknown at this time,
but it is hoped that it will be at least 40 dB below the interfering
signal, or at -40 dBm. The intermodulation signal (ZFl-Fs, or ZFS-FI)
will be attentuated by an additional 46 dB as it travels back through
the filters. Thus, the intermodulation signals will be at a level of
about -86 dBm, or at -132 dBc, which is better than the design goal
by approximately 12 dB. Thus, it appears that if this scheme can be
designed such that it does not generate excessive IMD products of its
own, it can greatly improve the IMD situation in the field. At this
time, the generation of IMD products in the single antenna system will
probably concentrate in the RF switches.

3.4 LOAD PULLING EFFECTS

During the early months of this design assessment, lumped element
filters were considered in lieu of helical resonators. The basic
design of these distributed filters lead to a load pulling study. The
results of this study indicate that load pulling is potentially a
severe problem. This led to a series of antenna tuning and
calibration schemes which complicates the FHMUX design. A channel
combining scheme has been chosen to obviate the need to measure the
antenna and compensate for the impedance variation. The lumped
filter evaluation and the load pulling study are contained in Appendix

C of the Reference Document,
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3.5 ANTENNA STUDY

Results of the load pulling study caused concern over the
workability of the FHMUX concept. This concern was removed upon
selection of an RF configuration which was rather insensitive to
antenna impedance variation. However, the early concern over the
antenna impedance led to detailed study of the antenna proposed for
use with the FHMUX. Also, it was learned that operation with other
antennas was desired. The antenna study and results are found in
Appendix D of the Reference Document.

3.6 ANTENNA COMPENSATION

At the completion of the antenna study, the final channel
combining scheme was still unknown, and antenna compensation was an
important issue. A study was begun to determine the best means of

antenna compensation, and an operational scenario was written. These

are contained in Section D-4 through D-10 of Appendix D.
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SECTION 4

BIT ERROR RATE PERFORMANCE OF THE FHMUX

4.1 INTRODUCTION

This section deals with the overall (BER) performance of a
, complete system, i.e., the FHMUX, and an array of SINCGARS
| transceivers. It is shown that the system BER is not only affected by
1 ’ ' the FHMUX, but is also affected by the transceiver's characteristics
such as receiver selectivity, transmitter noise floor, and the
!
'
]

transmit-receive duty cycle.

The FHMUX affects the BER by shutting down a particular channel
when the channel falls on or inside the guard band of a higher
priority channel. This is termed self-blocking.

A reference system is defined, serving as a basis for comparison
i for the BER performance of the FHMUX,

Finally, the results of the BER analysis are used to define a
! practical set of FHMUX system parameters, from which a hardware
oriented system design assessment can evolve,

é _ 4.2 DERIVATION OF A REFERENCE SYSTEM

3 : Discussion of the (BER) performance of the FHMUX may lead to
! false conclusions unless the FHMUX performance is compared to a
reference system. Such a reference system is shown in Figure 4-1,

As shown, the main transceiver and antenna, TR1l, is located in
the center of a circle with a 100 meter radius. There are four sets
of transceivers and antennas (TR 2, 3, 4, and S5) equally spaced around
the circle. Transceiver and antenna TR6 is located at the maximum
SINCGARS range from TR1l, and TR6 is transmitting to TRl. Transceivers
TR2-TR5 are transmitting to units other than TRl or TR6.

sty P ]
. N

The 100 meter spacing automatically provides the 40 dB isolation
discussed in the system specification. Analysis of this system will
provide the dB ratio of the desired (TR6) to the undesired (TR2-5)
signals, and provide a baseline for the BER analysis of the FHMUX.

13
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Figure 4-1. Reference System
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Path loss calculation for 100 meters, and for SINCGARS short and
long ranges are tabulated below in Table 4-1

These

are based on use

of free space, isotropic radiators, i.e., all antennas are alike.

TABLE 4-1 PATH LOSS DATA

Frequency path Loss, at SINCGARS Short SINCGARS Long
100 meters Range Range
(MHZ) (dB) (dB) (4dB)
30 -42 -124 -144
88 -52 -133 -155

By subtracting the 100 meter path loss shown in Table 4-1 from

the short and long range path losses, the ratio of undesired to

desired signal level (S2/SD), can be found.

These are listed in

Table 4-2.
TABLE 4-2 RATIO OF UNDESIRED TO DESIRED SIGNALS
Frequency SINCGARS SINCGARS
Short Range Long Range
(MHz) (dB) (dB)
30 82 102
80 81 103

An initial observation is that frequency effects only account for a
one dB variation, thus are considered insignificant.

An extrapolated plot of the SINCGARS specified frequency offset
performance is plotted in Figure 4-2, along with the data from Table

15
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TABLE 4-3 MINIMUM SPACING VS. FREQUENCY

Frequency Minimum Spacing
(MHZ) (Percent of Center Frequency)

Short Range Long Range

30 .53 1.87
80 .20 0.70

4-2 (Points A and B). 1In terms of SINCGARS present bandwidth, the
minimum frequency spacings are tabulated in Table 4-3.

Thus, at short range, the four transceivers can transmit within
.53%8 of TRl at the low end of the band, and to within 0.2% at the high
end of the band. Also, at long range, the four transceivers can
transmit to within 1.87% at the low end, and 0.7% at the high end.

4.3 FHMUX SELF BLOCKING

In the operation of the FHMUX, if two transceivers frequency hop
to the same, or nearly the same frequency, one or both channels can be
blocked, thus impairing or preventing operation.

Blockage can be caused by several mechanisms: broadband
transmitter noise, and/or transmitter RF power desensitizing the
transceiver receiver front end. Intermodulation problems can also
cause channel blockage.

When two or more transceivers frequency hop to the same or nearly
the same frequency, the FHMUX will automatically shut down one or more
of its channels, according to some priority scheme. The rationale for
this action is that the more important channel must be kept open, and
this is preferred to having both channels desensitized. When the
FHMUX channel is shut down, the action is called self blocking and the
i BER of the self blocked channel will increase to some degree, j

Section 4.3.1 describes the model of the multiplexer used to
perform blockage calculations. Section 4.3.2 describes the model of

Y
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the four-port coupler which is the fundamental iterative unit of the

multiplexer. Section 4.4 covers the bit error rate simulation model
which was used to estimate multiplexer performance.

4.3.1 An FHMUX Model

Figure 4-3 illustrates a simplified five~channel FHMUX. As shown,
each transceiver is numbered and paired with a correspondingly
numbered four-port coupler; the transceiver and the coupler are
frequency hopped to the same frequency at the same time. The timing
of the frequency hops between transceivers may or may not be
synchronized, but the transceiver-FHMUX channel similarly numbered
pairs must be synchronous to each other. There are two priority
approaches, fixed and rotating.

Figure 4-3 shows a possible fixed priority channel arrangement,
Each FHMUX channel (1-5), is assigned a different priority (A-E), with
A as the highest priority, B next highest, etc. With the grouping
shown, Channel 3 can never be self blocked, Channel 4 can only be self
blocked by Channel 3 when these two channels are too close to each

other's frequencies, and so on.

The concept of the revolving priority scheme is also shown in
Figure 4-3, The FHMUX channels are assigned priorities in a revolving
manner as shown, The "direction of rotation™ and the order of
priorities on the channels is arbitrary. As shown, initially Channel
1l has priority A, Channel 2 has priority E, etc. As the wheel rotates
(clockwise for this example), Channel 1 will be assigned priority B,
Channel 2 will have priority A, Channel 3 will have priority E, and so
on, Following sections will help to define the effect of FHMUX self
blocking on channel BER.

Returning to the fixed priority system as shown in Figure 4-3,
Transceiver 3 has the highest priority; when in the transmit mode it
can block any or all-of the transceivers from receiving any remote
transmitter, or from transmitting to any remote receiver, if the RF
frequencies of concern are too close, Transceiver 4 has the second
highest priority; when in the transmit mode it can cause self blocking

18
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of Channels 1,2, and 5, and can only be blocked by Channel 3, As
shown, the lowest priority is assigned to Channel 5. Thus, Channel 5
can be blocked from receiving or transmitting by any of the other
channels, if the frequencies of interest are too close. Subsequent
sections will discuss the effects of the transceivers transmit/re~eive
duty cycles on these two priority schemes.

The following observations show that time synchronization of the
frequency hops is not required for either priority scheme. 1In a
non-synchronized system, the blocked condition can last for some
partial or full hop duration, but does not exceed a hop duration. 1In
a synchronized system, the blocked condition will last for exactly one
hop duration,

Self blockage will occur when two or more transceivers hop to the
same, or nearly the same frequency, "Nearly the same," means that the
frequencies of interest are within the -40 dB bandwidth of the highest
priority channels four-port coupler tuning circuit., 1If self block-
ing were not to occur, an active transmitter could deliver sufficient
RF carrier power and/or broadband noise to desensitize a receiver. 1If
the receiver is completely desensitized for the time duration of the
blockage, the transceiver data decisions (in a digital data mode), are
randomly in error. That is, the resulting BER is 0.5 for the dura-
tion of the desensitization period.

It is important to under-tand that desensitization of a higher
priority channel is prevented by inducing self blockage upon a lower
priority channel. The increase in BER caused by this FHMUX self
blockage is inflicted only on the lower priority channel or channels.
If the average probability of self blockage is known, then the average
BER is one half the probability of self blockage, provided that the
blocked receiver makes no bit errors when not blocked, and incurs a
bit error rate of one half when blocked.

4.3.2 Four-Port Coupler Model

Figure 4-4 shows a typical FHMUX four-port coupler in detail. A
mathematical analysis of these 90° hybrid coupled filters is given in
a later section,

20




e —————_— v —

' F—AN——

©
T

TRANS-
CEIVER

®

90° HYBRID

TUNED
CIRCUIT

(f4)

i-lrag % 1 [rf? an

(l ri2p

®

(RADIATED)

T:thlemu

A
)

——- "

[1_|r|21 {

)

TUNED
CIRCUIT

(t4)

$0° HYBRID

p—

”AZIZI |2

[ Ay IS THE ANTENNA REFLECTION COEFFICIENT

AT FREQUENCY fy

' ISREFLECTION COEFFICIENT OF THE f4
TUNED CIRCUIT AT THE f, FREQUENCY

Figure 4-4,

O AT - % e et

Four-Port Coupler

21

TRANS-
CEIVER

B
()

7139624




The letter designations used on the four coupler ports follow .
those used in Figure 4-3.

As shown, the transceiver connected to Port B is in the transmit
mode, and delivers.unit RF power at frequency f2 into Port B. When
the 90° hybrids and the tuned circuits tuned to f1 are ideally e
balanced, IFI2 of the power incident upon Port B is available to the
antenna at Port D. The factor I is the reflection coefficient of the

v -

circuits tuned to f, at the f, frequency. Since the tuned circuits
are not tuned to the Port B RF frequency of f2, the reflection

e

coefficient I' is very high, and most of the Port B signal f2 is indeed
coupled to the antenna. This action is fully described in Section 5.6
of this report. Also, the quantity (1 - |112) is absorbed into the j
resistive termination at Port C. A benefit of these 90° hybrid
coupled circuits is that this (1 - IT|2) power is almost complet-~ly -
absorbed by the Port C termination, and not allowed to feed back into .-
the Port A transceiver tuned to fl'

The previous analysis assumes that the antenna circuit presents a
perfect impedance match to Port D. However, the antenna will usually
! present some mismatch to Port D, resulting in some value of reflection
coefficient., Figure 4-4 shows a simple two-channel FHMUX, with the

—— -

tuned circuits tuned to fl' and the transceiver tuned to f2 delivering
unit power at f2 to Port B, The reflection coefficient of the antenna

.
[pu—

circuit at frequency fl will be different than that of frequency fz.
For this discussion, we are concerned with the antenna reflection

coefficient at frequency fz, defined now as FAz. Because of TAZ, RF 6
power at frequency f2 is reflected from the antenna, back into Port D, _
and some of this power will exit Port A and enter Transceiver A (which f
is still tuned to fl)' As noted, the reflection coefficient of the fl ﬁ

filters (at the f

frequency), is ',

Prov—
'y

2

The amount of unit power from the transceiver at f2 which is ]
coupled to the antenna, and then reflected back to Port D, and then L
coupled further to Port A is defined below. -

Unit RF Power

| out of Port A = ITa, 1%« 1r1® . 1 - 1% (A) }




The antenna specified for use with the FHMUX (refer to Appendix D
of the Reference Document) has a maximum specified reflection
coefficient of 0.25, which corresponds to a return loss of 6 dB.

Thus, if T A, is 0.25, the £2 power reflected back to Port D from the
antenna, is 6 dB below the f2 power incident upon the antenna.
Referring now to Equation A, the factor

(1 - IT1%) (B)

now represents the proportion of incident f2 power which will pass
through the f1 tuned filters. 1In a working FHMUX system the frequency
f2 will be such that the term (Equation B) above results in an
attenuation of no less than 40 dB for the Transceiver B f2 signal.
Therefore, the B to A worst case coupling is a result of the antenna
mlsmatch (FA ), and has a design value of 6 + 40, or 46 dB. As noted,
(L - IT| ) of the f2 power incident upon Port B is dissipated in the
Port C resistive termination, and this value is held to about -40 dB
below the fz power incident on Port B, There is at least 25 4B
isolation between Ports A and C because of the directivity of the 90°
hybrid., Thus, the only remaining B to A coupling path is from Port B
to Port C to Port A, and it has a value of at least -(40+25) dB. Thus
the worst case B to A couping path is caused bv the antenna mismatch.

As discussed in a later section, a SINTCJARS receiver connected to
Port A will be desensitized if a SINCGARS transmitter operating into
Port B does not have its signal level reduced by at least 46 dB when
it reaches Port A (is within the -40 é8 bandwidth criterion; that is,
with less than 46 dB of isolation between Port B and Port A).

The condition of the transceiver at B in transmit, and the
transceiver at A in receive, is the worst case regarding degradation
of transceiver pwrformance due to the multiplexer. Alternate sources
of degradation are less severe because they occur less often. The
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coupling from Port A to Port B is zero with ideally balanced 90°

hybrids and filters. Thus the transceiver at fl (whien transmitting),
will not disable a receiving transceiver connected to Port B.

The worst case or most probable condition occurs when B transmits
within the -40 dB coupler bandwidth and desensitizes reception at A.
This event exhibits a higher probability of occurrence than other
sources of performance degradation, For example, the transmitter
power from B is dissipated in the terminating resistor at C when f2 is
within the -3 dB bandwidth of fl. Being within the -3 dB bandwidth
has a lower probability of occurrence than being within the -40 dB
bandwidth. Hence the latter can be treated as worst case or most
probable degradation.

As further amplification on probability occurrence, consider the
hypothetical perfectly balanced multiplexer system. All of the power
output from Transceiver A is delivered to the antenna, and all of the
power received by and outputted from the antenna due to a remote
transmitter on Transceiver A's frequency is delivered to Transceiver
A. Regarding Transceiver B, the transmit power delivered to the
antenna, and the receive power from the antenna is attenuated by the
factor 1T1%, due to the multiplexer. The attenuation due to IT12, is
only significant if Transceiver B is operating within the -3 dB
bandwidth of the coupler tuning circuit (II‘I2 is then less than -3
dB). This -3 4B bandwidth is narrower than the -40 dB bandwidth, thus
the probability of operating within the -3 4B bandwidth is much lower
and therefore less restrictive on system operation.

4.4 THE BER MODEL

In order to assess FBMUX performance, an operating system was
simulated using a computer program. The simulated system consisted of
a multiplexer with five transceivers. The transceivers are capaple of
25 KHz channelization and operate over the 30-88 MHz frequency range.
Each transceiver operates in an independent radio net. Thus, each

transceiver hops independently, and may occasionally hop to the same,
or nearly the same RF frequency as one or more of the other

transceivers.
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When the model is exercised, certain parameters (described

below), must be inputted to the model. The time period over which the

% i model is exercised can be set to any value. For the results reported
' here, the exercise duration was set at 20,000 random hop frequencies.
i

The probability of co-occupying the same or nearly the same
frequency (the average blockage rate) is calculated as the number of
times that the blockage event occurs divided by 20,000, which is the
total number of events in the exercise,

T s e e Niaeoi R A T o R

A detailed explanation and justification of the computer
simulation is given in Appendix G.

R

Table 4-4 illustrates the results for some simulated conditions.
The lefthand column expresses the -40 4B bandwidth at various per-
centages of the tuning circuit frequency. This is one of the para-
' meters of the model. Although multiplexer performance in terms of
reduced blockage improves as this bandwidth is narrowed, implementa-
tion of the real-life hardware equivalent becomes successively more
difficult with narrower bandwidth.

The tabulated results are for the fixed priority system defined
earlier. The top row of the table lists the transceiver number or user
number. The tabulated entries are the probability (expressed as a
fraction) that the indicated transceiver is blocked by another trans-
mitter co-occupying a frequency within the indicated -40 dB bandwidth.

In the fixed priority system, Transceiver 1 is never self-blocked,
so the entries in that column are zero. For Transceiver 2 at a coupler
bandwidth of +/-5%, there is a probability of 10.07% of Transceiver 2
being blocked (but only by Transceiver 1) on any frequency hop.

For the indicated probabilities to apply, several events must
occur simultaneously:

. The indicated transceiver is receiving a sensitivity level

signal from a distant transceiver transmitting in its own net

. Other FHMUX collocated transceivers with lower transceiver

numbers (higher priority) are simultaneously transmitting in
their own nets

25




TABLE 4-4,

AVERAGE BLOCKAGE RATE (EXPRESSED AS A FRACTION)

VS. 40 4B PERCENTAGE (OF USER OPERATING FREQUENCY)

BANDWIDTHS. EXPRESSED UNDER WORST CASE FIXED
PRIORITY CONDITIONS
-40 dB BW User User User User User
(percent)) Number Number Number Number Number
1 2 3 4 5
+5 0 0.10070 0.18895 0.26705 0.33660
+2.5 0 0.04960 0.09655 0.14170 0.18500
+1 0 0.02015 0.03865 0.05810 0.07805
+0.5 0 0.00965 0.01930 0.02955 0.03900
Probability p? p3 p4 D
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If these events are treated probabilistically then the entries in
the bottom row of the table apply. For those entries, it is assumed
that there is a duty cycle, D (probability of a transceiver being in
the transmit mode) that has the same value for all transceivers. FPor
user number 5, for example, the indicated blockage rate applies when a
remote transceiver in its net is transmitting and local transceivers 1
to 4 are simultaneously transmitting. This requires five transceivers
(four in the FHMUX, plus the remote transceiver) to be on the air
simul-
taneously. If all of these active transmitters are independently
operating, with probability D, then the joint event has a probability
of DS. For example: if the average transmitter duty cycle is 10%, then
the average blockage rates tabulated for user 5 occur with a proba-

bility of 10 -5. That is, user 5 is rarely blocked with the indicated
blockage rate.

To expand on this thought, Table 4-5 reformulates the average
blockage rates for user number 5 only. For the tabulated entries, a
fixed priority system applies with the the indicated number of other
collocated transmitters on the air at the same time that Transceiver 5
is receiving a signal from a distant transceiver. The average block-
age rates are tabulated along with the indicated probability of occur-
rence. For a duty cycle of 0.1, the probabilities are calculated.

. The highest blockage rate occurs with low probability

. The lowest blockage rate (zero with no other collocated
transceivers on the air) occurs with approximately a 7%
probability, or on 7% of those occasions that the distant
transceiver is transmitting.

As indicated in a previous section, these average blockage rates

can be converted to an average BER if some further assumptions are
made:

. When a transceiver is self blocked, it suffers complete
blockage, and makes random bit decisions

. When the transceiver is not self blocked, the received

signal to noise ratio is sufficiently high to enable a BER
which is zero.
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When the above items occur, the average BER is one half of the average
blockage rate,

As a point of reference, the SINCGARS RFP stipulates a bound of
10% BER as the acceptable threshold of performance for digitized voice
operation, For the FHMUX, an average blockage rate of 20%
(corresponding to an average BER of 10%), would then be viewed as a
performance threshold.

A final view of the average blockage rate problem is provided in
The tabulated entries are
rate of blockage, as previously discussed.
the tabulated entries under the column heading 5, a target FHMUX
transceiver is receiving a signal from a distant transmitter, with
four other FHMUX collocated transceivers transmitting. 1In the column
labeled 4, the target transceiver is still receiving a signal from a
distant transceiver, with three other FHMUX collocated transceivers
transmitting., In the column labeled 1, only the distant transmitter
is transmitting, and no local FHMUX transceivers are transmitting,
hence there is no self blockage,

Table 4-6, for a rotating priority scheme,

in terms of average For

The data from Tables 4-5 and 4-6 are plotted in Figures 4-5 and
4-6, Pigure 4-7 shows the percent probability of zero to four
transmitters being energized (in a five~channel FHMUX) as a function

of transmit duty cycle (DU),

Figures 4-5, 4-6, and 4-7 are to be used together to complete the
BER analysis in that the blockage rate vs. bandwidth curves are
probablistic in themselves. For example, Figure 4-7 shows that the
probability of three transceivers transmitting is highest when the
duty cycle is 0.8, and this probability is about 32%. The curves
shown in Figure 4-7 are based on the probability equations given in
Tables 4-5 and 4-6. They assume that at least one of the FHMUX
channels is in the receive state. Also, some of the remaining
channels may be in the transmit state with a probability of (1-0) ",
where D is the transmit duty cycle, and n is the number of channels in

the transmit state (n cannot exceed 4)., All duty cycles are assumed
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TABLE 4-6. AVERAGE RATE OF BLOCKAGE (EXPRESSED AS A FRACTION) VS.
40 dB PERCENTAGE (OF USER OPERATING FREQUENCY)
BANDWIDTHS. EXPRESSED UNDER WORST CASE ROTATING
PRIORITY CONDITIONS.
NUMBER OF ACTIVE TRANSMITTERS
40 dB BW
Percent 1 2 3 4 5
+5 0 0.050350 0.09655 0.139175 | 0.17866
+2.5 0 0.024800 0.04872 0.071962 | 0.09457
+1 0 0.010075 0.01960 0.029225 | 0.03899
+0.5 0 0.004825 0.00965 0.014625 | 0.01950
Probability | b(1-p)* | 4 p2-;)3| 6 pP1-0)2 | 4 p*1-p) | D°
Probability | 6.6X1072 | 2.9x1072 a.86x1073 | 3,6x107% | 1073
At D = 0.1

30




PROBABILITIES SHOWN
B ARE FOR A 10%
- L TRANSMIT DUTY CYCLE oo 52
| o 30 FIXED PRIORITY )
t - SYSTEM PR
i w . v@
, >
<
R
‘ y |
- ] FOR ;
. 8 10%
’ ] BER
| @
! w
| ]
i <
[+
w
>
<
40 dB BANDWIDTH, +/—% 7140-82

Figure 4-5. Average Blackage Rate for User #5 with the Indicated
| Number of Transmitters on the Air, Fixed Priority

31




o

0

PROBABILITIES SHOWN

ARE FOR A 10%
R TRANSMIT DUTY CYCLE
w
[~
< FOR 10% BER @ ~
u T a
3
8
®
o)
o«
]
>
<

40 dB BANDWIDTH, +/-% a1z

Figure 4-6. Average Blockage Rate vs, 40 dB Bandwidth, Rotating

Priority, Worse Case

32

——————— e e =




e T

wr E
]
70t~
CODE:
A = P=D (1-0)4
6 +_ N=0 D (1-0)
B N=1 P=4D%(1-D)3
c N=2 P=60%1-D)2
0 N=3 p=D%1-D)!
/ E N=4 P=05(1-p)?
E ]
| sor-
NOTE 1: ALL TRANSMITTERS HAVE ;
IDENTICAL DUTY CYCLES
NOTE 2: BALLOONED NUMBERS
[ ARE EXPLAINED IN THE TEXT
NOTE 3: THESE CURVES ASSUME
40— THAT N OF THE FH MUX TRANS-

CEIVERS ARE IN THE TRANSMIT
STATE, WITH A PROBABILITY OF
(1-D) AND A REMOTE
TRANSMITTER WITH A PROBABILITY
OF D IS WORKING INTO THE
FH MUX IN TIME COINCIDENCE
WITH EACH OTHER.

PROBABILITY (%)

8
—5—

A5 8§ 7 8 9 5 e
TRANSMIT DUTY CYCLE (D)

Figure 4-7. Transmitter Duty Cycle vs. Probability That N of Five
Transmitters is Active in a 5 Channel FHMUX in Time
Coincidence with a Remote Transmitter
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to be equal. These FHMUX transmit channels are assumed to be time- ;
coincident with a remote transmitter which is operating into the

FHMUX channel which is in the receive state, The duty cycle of this

remote transmitter is assumed to be the same as the FHMUX channels in

the transmit mode.

Figure 4-6 shows that a revolving priority system is relatively
insensitive to these probabalistic effects, Point A shows that a
revolving priority system with four transmitters on line will have BER
of 10% with a guard band of about +/- 5.8% (Point A), even if the
probability of the event is 100%. The revolving priority system is
clearly superior to the fixed priority system in this regard.

When the fixed priority system is considered, Figure 4-5 is of
interest. As shown, the curves for three and four transmitters on line
cross the 10% BER limit line inside the +/- 5% bandwidth abscissa.

The probablistic effects shown in Table 4-7 are derived from Figure
4-7, and are highlighted as points 1,2,3,4, and 5 on Figure 4-7,

TABLE 4-7. PROBABALISTIC EFFECTS, FIXED PRIORITY SYSTEM —

Number of Maximum Highest Figure 4.7
On Line Bandwidth Probability Reference
Transmitters| for 10% BER of this Event - Points
3 +/- 3.75% 32,7%, at DU = 0.8 2
4 +/- 2.75% 32,7%, at DU = 0.8 4
4 +/- 2.75% 7.2%, at DU = 0.6 5
.?‘
3
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. Table 4-7 and Figure 4-5 imply that a fixed priority system would
have some chance of success if the average transmit duty cycle is 0.4
or less. It seems prudent to compare the two priority systems to the

reference system on a separate basis. This is done in Tables 4-8 and
4-9,

4.5 THE BER MODEL VS. THE REFERENCE SYSTEM

The reference system described in Section 4.2 and Table 4-3
describes close-in frequency operation of five transceivers, all
separated by 100 meters. The BER of this system is degraded by strong !
undesired signals in adjacent channels. This degradation occurs when
the undesired signal i1s 5.1 dB below the desired signal, in the IF
bandwidth. Thus, at 80 MHz, one of these four transceivers can
transmit at a frequency as close as 0.7% of the frequency of TR1l, and
TRl will be able to maintain a BER of 10% when tuned to the frequency
of TR6.

The FHMUX "guard bandwidths" described in Table 4-8 and 4-9 are
based on the laws of probability, namely the effect on BER when the

FHMUX system “"self blocks™ a given channel because of its close
frequency proximity to another channel with an active transmitter. ﬁ

Therefore, the reference systém has a 30 MHz, 10% BER "quard
band® of no less than +/- 1.87%, and at 80 MHz, of no less than +/-
0.7%. The fixed priority FHMUX guard band (five-channel) is
probabalistic as shown. The revolving priority' FHMUX (five-channel)
has a 10% BER guard band of no more than +/- 5.8%.

The Second Quarterly Report defines an FHMUX system electronic
guard band of +/-2%. This more recent Final Report uses a refined
computer program which more realistically defines the self blockage

rate, Thus, an electronic guard band of +/-5% will provide a
satisfactory BER when a revolving priority system is used.
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TABLE 4-8. REQUIRED GUARD BANDWIDTH FOR 10% BER, FOUR TRANSCEIVERS
TRANSMITTING, FIXED.PRIORITY

FREQUENCY REQUIRED GUARD BANDWIDTH ( %) FOR 10% BER, 4
P (MHZ) TRANSCEIVERS TRANSMITTING

Reference System Fixed Priority FHMUX System (from
Long Range, (From Figures 4-5 4-7,) and Table 4-7.
Table 4~3) No Less

- —

Than
30 +/- 1.87% Probability, of N
{ DU =1 4 Transceivers
‘" 80 +/- 0.7% Transmitting % ..
; No More Than DU _—
3 +/- 2.75% 0.4 1.024 -
i +/- 2.75% 0.5 3.125
‘, +/- 2.75% 0.6 7.78 .
| +/- 2.75% 0.7 16.8 )
+/- 2,75% 0.8 32.8 .
+/- 2.75% 0.9 54.0 ‘~;
: +/- 2.75% 1.0 100.0




TABLE 4-9. REQUIRED GUARD BANDWIDTH (%) FOR 10% BER, WITH FOUR
TRANSCEIVERS TRANSMITTING, ROTATING PRIORITY

Frequency REQUIRED GUAF’ - ~ANDWIDTH (%) FOR 10% BER, WITH 4
(MRz) TRANSCEIVERS T .J{SMITTING
Reference System, Long Range Rotating Priority FHMUX
(From Table 4-3) Syg?em. (From Figure
4~
No Less Than No More Than
30 +/- 1.87%
DU =1 +/- 5.8%, DU =1
80 +/- 0.7%

-
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4,6 COMBINED EFFECTS

There are at least three factors which must be considered in the
selection of the guard bandwidth:

. BER vs. the probability of FHMUX self blocking

. BER vs. the effect of strong undesired, coherent signals in
the IF bandwidth

. BER vs. the effect of strong undesired non~coherent signals
in the IF bandwidth (transmitter broadband noise)

The effect of the factors described above is shown in Figure 4-8
for a five-channel FHMUX with a 10% BER guard bandwidth of +/-5%. The
RF filter circuit has a 40 dB bandwidth of +/-5 %&.

Figure 4-8 shows how close (in frequency) a receive channel in
the FHMUX can be tuned to an FHMUX transmitting channel before a BER
of 10% occurs. A typical transmitter output power of 60 watts is
chosen,

Curve A is a plot of the extrapolated broadband noise floor of a
60 watt transmitter driven by a 200 mW power VCO, and is normalized to
a 20 KHz IF bandwidth. This data was derived from the GTE Multimode --
Radio Program and was obtained at an RF carrier frequency of 50 MHz. -

Curve B shows how the FHMUX filters will reduce noise power. -

Curve C is a plot of the maximum allowable signal power in the -
SINCGARS receiver IF passband at sensitivity (estimated at -113 4Bm) -
to maintain a 10% BER. Curve C is derived as shown in Table 4-10. :

82 1is the adjacent channel signal power, and SD is the desired -
signal power. The allowable undesired power in dBm is the difference -

between -113 dBm and S2/SD.

; Curve D shows the actual RF power level reduction of Fo caused by I
| the bandpass characteristics of the FHMUX, It is the level of the RF
power that would be incident upon the front end of one of the FHMUX ]
transceivers (in the receive mode), tuned to a frequency close to Fo.
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' Figure 4-8. Combined Effects, Scaled to 80 MHz

39




TABLE 4-10,

DERIVATION OF CURVE C

1 o T P ———— gt b P e

Offset Percent Away From SINCGARS Allowable
From Fo, At 80MHz Spec, Desired

(dB above -113 dBm) Power

(KHZ) s2 (dBm) (dBm)

sD
25 0.031235 35 -78
50 0.0625 63 =50
100 0.125 71 -42
200 0.250 85 -28
1000 1.25 113 0

5000 6.25 125 +12

Thus, the format shown in Figure 4-8 clearly depicts these

combined effects and can be used to define the latest FHMUX baseline
system,

4.7 DESCRIPTION OF THE BASELINE SYSTEM

Curves B and D of Figure 4-8 are derived from the filter
frequency response shown in Table 4-11,

TABLE 4-11,

+/- % aB
Away From Fo
5 -2.91
1.0 -9.03
1.5 -15.4
2.0 -21,0

RESPONSE OF A SYSTEM WITH A -40 DB BANDWIDTH OF +/-5%
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This response can be achieved by cascading three single pole
bandpass filters, each having a loaded Q of 50. These filters are
described in a later section. As shown in Table 4-11, this response
gives a 40 dB bandwidth of about +/-5%, and meets the requirements of
Figure 4-8.

The intersection of Curves C and D (Figure 4-8) occurs at +/-2.6%
of Fo, and is identified as Point A. This is the difference frequency
at which a strong, coherent off channel signal will cause the BER to
degrade to 10%.

The intersection of the SINCGARS sensitivity level, and Curve B
occurs at +/-3% of Fo, and is identified as Point B. This is the
difference frequency at which a strong non-coherent off channel signal
(broadband transmitter noise) will lie about 5.1 dB below a
sensitivity level signal. This will cause the BER to degrade to 10%.

Curve C is scaled to 80 MHz. The other curves are valid at all
other frequencies. However, a clear picture of 30 MHz operation is
shown in Figure 4-9.

The intersection of Curves C and D in Figure 4-9 is at +/- 4,25%
of Fo, for a system scaled at 30 MHz. This is still within the +/- 5%
electronic guard band.

The Second Quarterly Report derives the concept of FHMUX "self
blocking,” and introduces the concept of an electronic, or digital
guard band which could vary the self blocking effect as desired. This
early work recommends a +/- 2 to 3% digital guardband which
necessitates a very narrowband, lossy RF system. The recent work
described above eases this problem. The digital guard band can be as
much as +/- 5,8%, and is subject to beneficial probabalistic effects,

It has been shown that the FHMUX cannot achieve equivalent
performance to the reference system. However, this is really an
unfair comparison, in that the reference system has a built in 40 4B
frequency insensitive attenuator. The FHMUX is required to use RF
filters of finite bandwidth in order to achieve the required channel
isolation,
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It has been shown that the FHMUX is superior to the reference
system in that the FHMUX provides two way suppression of back IMD
products, whereas the reference system only provides one way

suppression.

The effects of strong near channel signals from active FPHMUX
transmitters on a FHMUX receiver channel are just as probablistic as
the effect on the digital guard band of these strong signals. If no

channel spaces.

|

!
# ‘ . transmitters are active, the guard band can be reduced to a few

' The achievable RF 40 dB bandwidth is of prime importance; as well

i as the selection of the digital qguard band, it is under the control of
, the FHMUX designers. The SINCGARS transceiver receiver selectivity
IS and transmitter broadband noise floor are not. It is probable that

i
Y FHMUX self blocking will not be a major problem area. A digital guard

h i - band of approximately +/- 5%, a revolving priority scheme, and a 40 dB
. RF bandwidth of +/- 5% are recommended for the FHMUX final system
. configuration,
b

4.8 MODEL ERRORS

The derivation of the reference system assumes that one of the

g

3
v

\ five collocated transceivers is in the transmit mode at the same
! instant in time that a sensitivity level signal arrives from a

o
.

transceiver at a distance much greater than 100 meters, and is
received by the fifth collocated transceiver.

P sty

This is a valid starting point for the study and serves as a
resonable point of comparison.

o -

An early source of error was the lack of probability data
regarding the transmit duty cycle. This work is included in this
report.

l The extrapolated transmitter noise floor may be another source of
error. The data was obtained from a GTE Engineering Model, as

J4 described. The exact noise floor of the SINCGARS radios is unknown to

F ; ' GTE at this time. It is hoped that the SINCGARS transmitter noise

| "
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floor is lower than the model shown. The noise area of concern is the
close in noise associated with the synthesizer FM noise.

As shown, Fo is assumed to be 60 watts, If another power level
is to be used, the curves of Figure 4-8 and 4-9 can easily be
readjusted. This also holds true for the receiver front end and
transmitter noise floor data.

Early work, (Appendix C, Reference Document) shows concern over
the effect of antenna VSWR on resonator tuning. A later section of
this report will discuss how this concern is eliminated.

The duty cycle analysis shown in Figure 4-7 is based on all
transceivers having identical transmit duty cycles. This is really an
unlikely event, but the extension of the study to account for
different duty cycles will probably over complicate the analysis.
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SECTION 5

EVALUATION OF HARDWARE CONFIGURATION

5.1 INTRODUCTION

This section describes and justifies the baseline Rf design of
the FHMUX, based on the results of the system study and BER analysis.
The selection of a quad-coupled channel combiner, and the benefits of
this scheme are described, Justification for the use of helical
resonators, and the design of the bandpass filters is discussed.

Finally, an estimate of the size and power consumption of the FHMUX is
given,

5.2 AN ADDITIONAL COMBINING SCHEME

The Second Quarterly Report discusses combining of the resonators
via a series connection of output windings. A disadvantage of this
circuit is the need for an additional circuit, the terminator. The
terminator is actually an L-C impedance matching network. It is fixed
tuned, and will utilize low loss components. The terminator
compensates for the parasitic elements of the output coupling loops
and the connecting transmission line. A combining scheme which does
not require the terminator has been used in the television broadcast
industry for many years at microwave frequencies.

Figure 5-1 shows how this combiner utilizes quadrature couplers
to sum three MUX channels to a single antenna. The technique is not
limited to three channels,

As shown, three transceivers, AA in Tx at frequency fl' BB in Rx
at frequency f2' and CC in Tx at frequency E3, are connected to the
apppropriate quad coupler ports in similar circuits. Each of the quad
coupler pairs contains an identical set of narrow band, tuneable band
pass filters., These filters are tuned to the same RF frequency as the
assoclated transceiver,

Transceiver AA is in Tx at fl' and its signal 1is passed by the
two quad coupled filters, and combined in output Coupler A. The
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signal propagates down the 50 ohm interconnecting line to Coupler B,
, where it is divided and falls incident on each of the bandpass filters
‘. tuned to f2‘ These filters each present a high VSWR to the fl signal.
Thus the f1 signal is reflected from the filters, and is recombined by
the quad couplers, as shown. The port of Coupler B at which the f

R T

1
signal now appears would be terminated by a 50 ohm load in a conven-

tional circuit. However, the recombined f1 signal proceeds to Coupler
C where the same circuit action occurs, and f1 is routed to the
antenna.

The output of Transceiver CC reaches the antenna in similar
fashion. Since the other two banks of filters (tuned to fl and £2)
are identically tuned within their respective quad coupler pairs,
Coupler C will see a matched load.

Transceiver BB is in the receive mode, and operating at fz. when
an f2 signal is received at the antenna, it propagates to Coupler C,
divides and is reflected from the two f3 filters, It is recombined by
Coupler C, and routed to Coupler B and then to the two bandpass
filters which are tuned to £5,. The f2 signal thus is routed to
Transceiver BB as desired. Coupler A presents an excellent impedance
match to Coupler B because the two £y filter sections are identically
tuned.

The original channel combining scheme discussed in the GTE FHMUX
proposal, and in the FHMUX First Quarterly Report contained a termina-
tor circuit. This circuit was a broadband impedance matching network.
It was similiar in function to that used in the TD1288 equipment, and
merely serves to provide more efficient power transfer from the
channels to the antenna. This circuitry is complex because of the
wide bandwidth requirements of the FHMUX. The advantages of the RF
\ e combining scheme shown in Figure 5-1 is that a terminator circuit is
not needed, as all ports are properly loaded with 50 ohm impedances,

and antenna tuning is not required. A disadvantage is the need for
: additional bandpass filters.

5.3 LOAD PULLING

An early load pulling study (Appendix C of the Reference Docu-
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ment) caused concern over the detuning effects of the antenna

impedance upon the bandpass filters. The analysis shown below de-
scribes how the quad-coupled combiner eliminates the need to
compensate for the antenna impedance.

5.4 QUAD COMBINER ANALYSIS

This section addresses the requirement or nonrequirement for a
30-88 MHz electronically tunable antenna matching network which would
be employed at the output of the FHMUX. The impedance of the antenna
and its 80 foot cable combination are such that its locus vs,
frequency virtually fills a 3.0:1 VSWR circle as plotted on a Smith
Chart. Thus, the antenna matching network (if required) must be
tunable, self-calibrating and fast switching. This unit would be far
more complicated than the rest of the FHMUX. As will be shown, an
antenna matching network is not required if the appropriate design
approach is applied to the FHMUX.

The technical requirement contains the following specification:

*Impedance. The nominal load impedance for the multiplexer shall

be 50 ohms real. Specified performance shall be maintained to a VSWR
of 3:1."

There is no reference to a requirement or specification for an
antenna matching network in the referenced document. Therefore, if
the FHMUX can meet all specifications when subject to a load VSWR of
3:1 without the use of an antenna matching network, this network is
not required or desired. 1In other words, the need for an antenna
matching network is only subject to whether or not the FHMUX
specifications are achievable when it operates into an arbitrary load
having a maximum VSWR of 3:1 over the 30-88 MHz frequency band. Thus,
we will analyze the operation of the FHMUX into an arbitrary load.

The cascaded networks for analysis (the FHMUX and the antenna
system) are depicted by the block diagram of Figure 5-4. A scattering
matrix analysis is an excellent methodology to determine the effects
of interface conditions on the overall performance of the cascaded
networks.

-
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Before proceeding further, a brief review of S parameters is
presented in Figure 5-2 and 5-3.

| Zs
!
2PORT ZL
GEN. NETWORK
! 86-83
’ al — <+—— a2
) bl w—— —— b2

- Figure 5-2. General Two-Port Block Diagram

;' As opposed to the more conventional parameter sets which relate
total voltages and total currents at the network ports, S-parameters
relate traveling waves (Figure 5-2), The incident voltage waves, a,
and a,, are the independent variables, and the reflected voltage

Zapoe -

waves, b1 and bz, are the dependent variables. The network is assumed
to be embedded in a transmission line system of known characteristic
impedance which shall be designated Zo. The S-parameters are then
measured with Z, terminations on each of the ports of the network.
Under these conditions, S,, and S,,, the input and output reflection
coefficients, and 821 and 512' the forward and reverse transmission
coefficients, can be measured (Figure 5-4).

. s11 = P1 s12 = 1 |
' a; a, =0 a, a, =0 ;
s21 = P2 s22 = %2
al a2 =0 a2 al =0

! ;! Figure 5-3. S Parameter Definitions
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sll is then equal to bl/a1 with a, = 0 or no incident wave on Port 2.
This is accomplished by terminating the output of the two-port in an
impedance equal to zo.
Summary:

S11 = input reflection coefficient with the output matched

512 = forward transmission coefficient with the output matched
This is the gain or attenuation of the network

822 = output reflection coefficient with the input matched

S12 = reverse transmission coefficient with the input matched

S-parameters are determined with resistive terminations. This
obviates the difficulties involved in obtaining the broadband open and
short circuit conditions required for the H, Y, and Z-parameters.

Parasitic oscillations in active devices are minimized when these
devices are terminated in resistive loads.

Equipment is available for determining S-parameters since only
incident and reflected voltages need to be measured.

The general scattering matrix iequations for the two networks of
Figure 5-4 are:

[s] a=b (1)

[s] at = ;' (2)
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Where the unprimed and primed quantities refer to the FHMUX and .d
antenna system, respectively. The interface conditions from Figure
5-4 are given by:

|

a, = b'l 3)

y

a'1 = b2 (4) "%

-

Sy

and a'2 = @ (5) .,J
ﬁ

Where the a's and b's represent the various incident and reflected |
voltage wave components.

The antenna system is made up of: the connecting RF cables and ;I
connectors, any impedance matching devices such as baluns and
transformers, and the radiation resistance of the antenna. The only
radiating component of this system is the antenna radiation
resistance. The incident wave component b, is completely absorbed and !

hence radiated by this antenna radiation resistance. The reflected i
wave component a, is thus zero by definition. T

If the antenna system is perfectly matched to the FHMUX, it is -
possible for the reflected wave component of the entire antenna system ]
b1 to be zero. However, the broadband requirements of the antenna I
system, and the wide range of required impedance transformations place i
rigorous demands on the antenna system impedance matching circuitry. ]q

The radiation resistance is defined as a pure resistance, but it is

seldom very close in value to the characteristic impedance of the
circuit. Also, a large reactive component is present in the antenna

itself. This reactive component is a part of the antenna system.
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The antenna system performs three functions:

. It connects the antenna to the FHMUX

. It cancels the reactive component (when needed) of the
antenna

. It transforms the impedance level of the antenna resistive

component (radiation resistance) to the level of the system
characteristic impedance for maximum power transfer.

Substitution of equations 3-5 into equations 1 and 2 yields:
S Si2 2
S

1 (6)

22 by’ b,

| 521

[ s,,' s,;,' |[ b b, '
11. 12' 2 1' 7)
| S Sa2" O by

Note that we have passive reciprocal networks; hence

S =8

12 = Sp; and Sp,° 21"

From Figure 5-4, the net insertion loss is

| L =20 log | P2 dB (8)

a; 1
!

where the ratio can be determined by solving the 4 simultaneous
equations defined by matrix equations 6 and 7; i.e.,

by'2 55 8y (9)
— i
a, 1 -8, 8,
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Combining equations 8 and 9 we get the net insertion loss in dB:

L =20 log |521| + 20 log |521'| - 20 log |1 - Syn Sll'l {10)

Equation 10 shows that the net insertion loss of the FHMUX -
antenna system combination is affected by the term ( 1- 822 Sll').
S22 is the output reflection coefficient of the FHMUX, and Sll' is the
input reflection coefficient of the antenna system.

If either 822 or Sll' is equal to zero, the net insertion loss of
the cascaded networks S and S' will be simply the sum of the two
individual insertion losses of the network as measured under matched
terminal conditions. Equation 9 will then be modified to:

by" = Sy;1 Sy (9A)

and equation 10 will be modified to:
Loss (dB) = 20 log |521| + 20 1log |821'| (10A)

It is unlikely that 521' will be zero, as stated earlier.
However, if the FHMUX can be structured such that 822 is always zero,
then equation 10A can be realized. This means that the antenna system
input impedance variations can never affect the FHMUX's contribution-
(321) to the net response of the system. In other words, the antenna
system cannot detune the FHMUX when the output reflection coefficient
of the FHMUX (822) is equal to zero.

Thus the effects of antenna mismatch on the FHMUX bandpass
filters can be eliminated by the implementation of circuitry that will
provide the conditions 522 = 0 at in-band and out-of-band frequencies.
The solution is to use quadrature hybrid-coupled tuneable filters at
the output of the FHMUX. This approach was recommended as a means to
cascade the tuneable resonators, but the output resonators of the
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original FHMUX circuitry were not hybrid-coupled at that time because
of the reactive series type combiner proposed at that time. Since

. then, a different combining scheme has been recommended, where all of
the resonators are hybrid-coupled. The evaluation of this scheme
under antenna mismatch conditions is described below.

A typical hybrid-coupled circuit is shown in Figure 5-5. It is
) well known that if the two filters present reflection coefficients of
I'l' and I'2' respectively to the quadrature ports of these hybrids
(Ports 1 and 2), the effective input reflection coefficient at Port 3
- is:

L. I'IN = % (T1' - T 2') (11)

The derivation of equation (11) is now given,

. A 4 port linear network can be defined using S parameters.

_ - - .
S11 S12 S13 Syg a | [ by
S21 Sz2 Sa3 Sy a, b,
- (12)
S31 S32 S33 Sy as

b3
| Sa1 Se2 Sa3 Saa | {2 || ®a

The "a" vectors represent incident waves, and the "b" vectors
represent reflected waves. A hybrid coupler is shown in Figure 5-6,

| An excellent discussion on "S" parameters is given in Microwave
Circuits by J. L. Altman, published by D. Van, Nostrand Co., pp-.
40-71. As shown in Figure 5-6, the "a" vectors point into the
junction, and the "b" vectors point away from the junction. As an

introductory step, consider a simple two-port system.
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By expansion,

By definition,

512

L
3, (a7

The S matrix is represented by "i" number of rows and "j" number
of columns,

Transmission coefficients exist where i ¥ j, and reflection
coefficients exist where i = j. All ports are to be terminated with
matched (50 ohm) loads.

Thus, equation 16 defines the Port 1 reflection coefficient, and
equation 17 describes the transmission coefficient of a signal passing
to Port 1 from Port 2,




£

o=

The scattering matrix for an ideal quadrature coupler is based on
the following definitions:

. All ports are matched (VSWR = 1.0:1, reflection coefficient
(T) =0).

Therefore

=5 =85 =0 (18)

=S 33 = S44

11 22

Also, infinite directivity exists between Ports 1 and 2, and between
Ports 3 and 4. Thus these transmission coefficients are zero.

Sy = Syp = S3q = S4q3 = 0 (19)

The coupled port (20) and the straight through transmission
coefficients (22) are given on page 778 of Microwave Filter, Impedance
- Matching Networks, and Coupling Structures, by G. Matthaei, L.
Young, and E.M.T. Jones, published by Artech House Books.

S = 5

13 (Coupled Ports)

- jc sin @

1- ¢ cos 8 + j sin © (20)

[o] [o]
where « 907 = 90 AT MIDBAND

0 ®
" "
|+ ST“

S
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1
Thus: S13 = 531 = 524 = 842 -Jz_ (21)

The straight through path is also derived from page 778 of the
reference given above:

Sl4 = 841 = 823 = 832 (straight through path)

2

l - ¢
= (22)
M1 - ¢ cose+ jsine
Where 8 = -f-g . 90° = 90° AT MIDBAND
c=1

Thus 514 = 841 = 523 = 832 = /‘2‘ (23)
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Now, by using equations 18-23, the scattering matrix of an ideal
quadrature coupler can be written.

0 0 142 -3iA2
0 0 SR VA2

[S:IHYBRID = 142 -342 o 0 (24)
-542 142 o 0

! Simplifying,

0 0 1 -j
0 0 -3 l
l1l1 -5 o o (25)

[:SJ HYBRID = /3
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The complete system, including the hybrid coupler, and its external

terminations is shown in Figure 5--7.

As shown, Port 4 is terminated with a 50 ohm resistor, Port 3 is

the input port, and the problem is to derive the input reflection

coefficient I' in when Ports 1 and 2 are terminated in impedances
having reflection coefficients I'l' and I'2°'.
In other words, we are deriving

where the input incident signal ag is set equal to 1. The scattering

matrix for this system is:

ad . = - a— — ey
-3 1 a, b2
1 =
/2 s
1 j a, b3
-3 1 0 0 a b
| J J L 2] [ P

The a matrix is derived from Figure 5-7.

= Tl b,

]
a, = r2 b2
a3 =1

= 0

(Port 4 is terminated with 50 ohms).
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AR e e < e+ oo

— - — )
0 0 1 -3 ri b,
1 0 0 -j 1 r 2 bz =
v 2 1 -3 0 o0 1

Now, by expansion:

1
= b
2 1
._:j__=b
=) 2
ri' b jT2' p
1 - 2 = b3
v 2 v 2
-itit g L T2 b, _ b,
v 2 v 2
We now substitute equations 32 and 33 into 34
I" L 'I" ] —
v 22 2 2
Finally,
b b ri* -ra¢

'IN = 3 = M3 =

bU' wU' NU’ '_‘U‘

(31)

(32)

(33)

(34)

(35)

(36)

37)
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Thus, the input reflection coefficient is derived. Equation 37
shows that if I'l' andr2' are equal, or even very close to each other,
the input reflection coefficient is zero, or very close to zero.

The following numerical example shows the powerful VSWR reducing
mechanism inherent in the hybrid coupled circuit, as described in
equation 11.

Let the tuneable bandpass filters of Figure 5-4 have the
following impedances when each is tuned to a given FHMUX channel
(z, =50 ohms):

Filter 1 Filter 2
27 + j30 25 + 333
VSWR = 2.69 VSWR = 3,04

ri1' = .457 /106.2 ra' = ,505 03.4

The values of [ are obtained from:

r=2p % (38)
7T % Z

Where zr is the complex load, and Zo is the system characteristic
impedance.

Rewriting equation 11,

FIN = 1 1.457 A06.2° - .505 (103.4°] (39)
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By converting the above polar coordinates to a rectangular form,
1
T'IN = 7 [(.54046 + j.5996) - (.50000 + j.6599)] (40)

and then rearranging,

{(.54046 -.5000) + (j.5966 - 3.6599)] (41)

Noj-

TIN =

r IN

"
N =

[.04046 - j.0603]) (42)

Now, converting back to polar form:

1
F'in = 5 [.0726 [-56.139] (43)
I IN = .0363 [-28.07°

Or, in rectangular form

zin = 1,0656 - j.0365 (Normalized) (44)
Finally, the input impedance is:
Z;, = 53.28 - j 1.825 (45)

The input reflection coefficient is 0.0363, corresponding to a VSWR of
1.075:1.

Thus, hybrid coupler action has lowered the effective filter
VSWRS of 2.69 and 3.04, to a value of 1.075:1. If the filter
imp2oances were exactly equal, the reflection coefficient would have
be¢.. -2ro, and VSWR would be 1.0:1.
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Thus, as long as the filters are tuned fairly close to each
other, the hybrid coupled circuit will behave as a well matched
building block at all frequencies. The S parameter matrix of a hybrid
circuit can be given:

S.." s§.."
11 21
[S] =
HYBRID
COUPLED S.." §.." (46)
CIRCUIT 21 22

If the filters are alike, then

0 s,."
[S] - 21
HYBRID
COUPLED 521” 0 (47)
CIRCUIT

and the S22 criterion is achieved, by virtue of the circuit symmetry.
521 is essentially the response of the filters, plus any dissipative

loss and phase shift introduced by the quadrature hybrids.

In summary, the use of hybrid coupled filters allows one to
establish the desired frequency response of the FHMUX independant of
the antenna, even when the antenna is mismatched.

However, the filters are not isolated (nor detuned) from the
antenna mismatch. The filters cannot be "isolated"” from the antenna,
because the quadrature hybrid is a reciprocal device. This point is
now to be examined closely.

The next section will derive the reflection coefficients
presented to the bandpass filters as a result of the antenna mismatch.

The scattering matrix for an ideal quadrature coupler has been
derived, and is shkown in equation 25. It will now be used in an
analysis of the output hybrid coupler.
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The vector describing the input waves to this output hybrid is
now derived. This is the A matrix and is determined by the vectors
pointing into the ports of the output coupler. Refer to Figure 5-5.

The a, incident voltage for Port 1 of the output coupler is now
derived

= bz'

()

where a3'is the RF signal into Port 3 of the input coupler, and =L
is the coupler straight through transmission coefficient (Equation 22)

a) T, where T is the filter transmission coefficient.
Also,

e e ot e A i <. o

= =1
| Thus a, a3'\/,?r
[
Setting a3' =1, g,
. ooir ?
; al 2 (48) «
1 The a, incident voltage for Port 2 of the output coupler is derived
' below.
;
a, = bl' T, where T is the filter transmission coefficient._
a3’r
bl' =5 f where a3' is the RF signal into Port 3 of the
input coupler, and ;%‘ is the input coupler coupled arm
transmission coefficient(20). Again, a;" =1, and
I i i
| T
: a, = (49)
V)




Now, a; = rs3 b3 (50)

where [ 3 is the antenna reflection coefficient,and, a, = 0, because
Port 4 is properly terminated in 50 ohms.

Thus, the A vector is defined, and listed below.

r—-al - — -3 T
vz !
a2 = T
| : g
a = a, r3 bs (51)
a 0
| % | L _

Therefore, the scattering matrix equation for the output guadrature
hybrid is:

° ] - -1 ]
: /2
L i . 0 0-j 1 T b,
—a = ] = 52
2 3 . (52)
1-35 0 0 r3 by by
-3 1 0 0 o b,




Expanding equation 50 yields

P v"“-i:::?"ié‘,im

1 b, = b
; s 33 1
]i r3 b3 = b,
2
1 -3iT aT b

| 4

!

| Lo (2] Ly, g -
| J?[/?b3'JTb3

Now, using equations 51-55, we can calculate the reflection
coefficients presented to the bandpass filters of Figure 5-5,

{ F3b3
T = b—]_'= /—2-
1 a, ~3T
2
1
t oo El ) V2 F3b3
1l a .
1 i I
.. 2
S
' p- Substituting equation 55 for the b3 term,
-3 TF3
by z r
| ]‘1= _— = - =3
al -4 T
o K
! .
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(54)

(54A)

(55)
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-~ Tr—————
And
-3T3P3
T =?.g= ﬁ
2 a, T
V2
Since b3 = - jT,
=3T3(=37) (57)
_ b2 _ /2 ]
fa =3, = =T
2 T
V2

The analysis shows that both filters "see" the antenna mismatch
3, and therefore the RF voltages across these filters are affected
accordingly. However, the filters are not detuned or pulled by the
antenna, as shown by equation 9, because re-reflections at the filters
are dissipated, and are not returned to the antenna.

In other words, the filters of the hybrid coupled FHMUX will
"see" initial reflections from the mismatched antenna, but there will

be no multiple reflections, and therefore no interaction between the
antenna and the FHMUX.

5.5 LABORATORY VERIFICATION

A simple laboratory experiment was performed to verify the
previous analysis. The circuit is shown in Figure 5-8. The components
used, and 50 ohm impedance level resulted in a relatively low loaded Q
of 10. The insertion loss was 2.8 dB at 54 MHz, hence the unloaded Q
of the filters was only 36.3.

When load impedances corresponding to a VSWR of 3:1 were used,
the impedance of the input hybrid was measured. Since the insertion

loss was 2.8 dB, the VSWR measured at the input port was expected to
be lower than 3:1. The calculated value of this lower VSWR is 1.,71:1l.
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This calculated value was verified, indicating that the load impedance
is indeed "handed off" to the input port, but is modified by the
insertion loss and phase shift of the circuit,

The load pulling effect was investigated by connecting various
loads to the output port of the filter, and observing the swept output
response via the directional coupler and the spectrum analyzer. Six
loads were used, 50 + jO, 16 + jO, 150 + j0, short and open circuits,
and 75~j 58 ohms. The various loads all had a small effect on the
swept response,

Upon completion of the above, the input port was terminated with
a 50 +j0 load, and the impedance looking back into the output port was
measured at 54 MHz, and found to have a magnitude of 58 ohms instead
of the anticipated 50 ohms. Even though the filter elements were
synchronously tuned to 50 MHz by the variable capacitors, differences
between the inductors, etc. were such that the reflection coefficients
of each filter were not identical. The analysis showed that near
identical reflection coefficients are needed to obtain the desired
immunity from load variations. However, the performance obtained
throughly verified the theory.

A photograph of the spectrum analyzer display is shown in Figure
5-9, Extreme load variations are shown, namely an open and a short
circuit., The small differences in the center frequency and the shape
of the skirts between these two loads is indeed encouraging.

A word on the construction and operation of the individual band
pass filters used above, and those to be used in the FHMUX is in
order. The filter used in the experiment was not a high Q precisely
built circuit; the inductors were certainly not exactly alike, and the
entire assembly was tuned manually by viewing the spectrum analyzer.
As such, the output impedance was not very close to 50 ohms,

Conversely, the intended nature of the FHMUX filter construction
is of a precise nature. The helical resonators will be closely
fixtured. The physical size of the resonators will be such that close
tolerances can be achieved without high tooling costs. The above,
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Figure 5-9, Comparison of Short and Open Circuit Swept Response
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plus the precise tuning afforded by the shunt capacitive bus, and the
resulting digital input code, makes possible a mating of nearly
idertical band pass filters inside a given pair of quad couplers.
Each band pass filter will be individually calibrated, and have its
own digital tuning calibration code stored in a PROM attached to the
assembly.

With the above construction and tuning techniques the analytical
requirement of a 50 ohm output impedance can be met, and thus load
pulling will not be a problem.

5.6 POWER COMBINING PROPERTIES

Section 5.2 describes how the quad-coupled filters can be used to
combine the channels. This technique is advantageous in that a true
building block approach is possible. Therefore, the same resonator
design can be used in the output combiner, or cascaded in the
individual combiners. This section deals with the requirements for
efficient power combining when using the quad coupled technique.

A summary of quadrature hybrid equations is given in Figure 5-10. 1
For ease of understanding, the same nomenclature as in the preceeding
derivations is used. Figure 5-10 shows the FHMUX Channel A output.
Note that Port 4 of the Channel A output coupler is connected to Port
3 of the Channel B output coupler.

Equation 4 has been derived, and the effect on the bandpass
filters by the antenna VSWR has also been analyzed. This section is
concerned with the power combining properties of the quadrature
coupled resonators when connected together as in Figure 5-10. A
mathematical analysis will follow a description of the circuit action.

Assume that Channel B is in the transmit state, at frequency fz.
Channel A can be in either receive or transmit, and the two bandpass
filters are tuned to frequency fl' Guard band limitations are setup
so that the filter response of the Channel A filters are down by at i
least 14 dB for a Channel B signal. The bandpass filters are thus
highly reflective to this Channel B signal. Thus the Channel B signal
is incident to Port 4 of the Channel A output coupler; it divides
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ANTENNA

CHANNEL A CHANNEL A
INPUT QUAD- BAND PASS OUTPUT QUAD-
HYBRID COUPLER FILTER HYBRID COUPLER
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| l | @
| | | a1 a3 |
L 1v2 I ™ |—e| 1HZ |
% ' | ™ - —=| _RF
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LE S | ol |
' = - | a2 | 84 |
| \ | 12 |— |
RF INOUT :
: W2 : T2 :'BE W2 Fi'l
| | | N
/ ! CHANNEL B .
®) ©) BAND PASS auap-HYeRiD (3) i
FILTER COUPLER ® .
T = REFLECTION COEFFICIENT ! )
FH MUX | RF
T = BANDPASS FILTER CHANNEL B | OUTAN
TRANSMISSION |
COEFFICIENT
EQUATION 1:
RF POWER OUT — =2
AS PORT 3 DUE TO = PORT 3 POWER IN (TT + T2)
RF POWER IN AT PORT 3’ 2
EQUATION 2:
POWER INTO R1 DUETO . , - 2
RF POWER IN AT PORT 3’ PORT 3’ POWERIN (1 + ) .
EQUATION 3: ]
POWER INTO PORT 3 OF ;
CHANNEL B OUTPUT COUPLER =  PORT 3' POWER IN (T2 - T1)2 |
DUE TO POWER INTO PORT 3’ 4 -
EQUATION 4: .
PORT 3’ _ L
INPUT REFLECTION = Ty = % (I7 - T2)
COEFFICIENT
715282 B

Figure 5-10.

Quadrature Hybrid Relationships
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equally, and its components are incident upon the bandpass filters.
Since the filters are highly reflective to the Channel B signal, they
are cast back to the Channel A output coupler, recombined, and then
routed to the antenna via Port 3 of the Channel A output coupler.
Therefore it is desirable for the Channel A filters to be very
reflective as far as the other channel frequencies are concerned.

The combining loss on a per channel basis is thus defined as the
power ratio of the Channel 2 output at Port 3 of the Channel A output
coupler, to the Channel 2 signal incident on Port 4 of the Channel A
output coupler. A thorough discussion of normalized waves and the
scattering matrix is given on pages 40-45 of Altmans' text on

"Microwave Cicuits."

Power out of Port 3 L (58)
_ 1 2
of Channel A to = 3 |b3|
antenna
Power into Port 4 (59)
1 2
of Channel A from = 3 |a4|

Channel B

Therefore, the combining loss can be defined as:

2 2

1

2

1 ) )
7 lagl™ a4l

(60)
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The quadrature hybrid scattering matrix (Equation 24) can again

be used. The A matrix will now be defined.

ay=by I'
a=b, T',
a3= 0

a4= 1

Therefore

And, the system scattering matrix is:

0 0 1 -j by T

1{0 0-j 1 b, T,
M2l 1-5 0 0 0
-3 1 0 0 1

(61)

(62)

(63)

(64)

(65)

(66)
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By expanding,

b, T,

b, T
b= A1 _ 2% 2
3 J2 2

-jb, T b, T
b4=._1_1_ + 22
N3 N

Now, substitute equations 67 and 68 into 69.

|
3 2 2

by = F (T +Ty)

Using Equation 60, we have:

e e i

b

s R r 2
. L,

HE

Power Out of Port 3
Power Into Port 4

4

Power Out of Port 3 - 1
Power Into Port 4 [}

f Equation 71 is the same as Equation 2 of Figure 5-10, thus
showing the symmetry of the hybrid coupler.
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Altmans text "Microwave Circuits”, pages 12-16, derives the
following expression relating incident and transmitted power, and
reflection coefficient:

Power transmitted = Power incident (1 - IFIZ). (73)
This derivation is found between pages 12 and 16.

As discussed earlier, the bandpass filters are detuned to a
Channel B signal. Equation 72 can be used to calculate the reflection
coefficient of the filters, given the power ratio. Since the filters
are identically tuned, their reflection coefficients will be equal.
Since the skirt attenuation of the filter elements is known, the
combining loss of the RF path from Port 4 to Port 3 of the Channel A
output hybrid can be computed.

; Let -X= filter skirt attenuation, in dB

k dB = - X= 10 log Pt (74) T
. 3 o

Where Pt is the transmitted power and Pi is the incident power.

|
®

0
(a4
[
o

3
[}
[
o

(75)

E g

Now, substituting from equation 72

= aniiPemye

1

=

o= al-rl%H = 10

and |T|2 = 1 - 10! (76)
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Equation 76 is substituted in equation 72 to obtain the desired
combining loss.

The combining loss

P3 _ 1
173 '}

-x
- } a - 1010
-X
48 = 10 log (1 - 1010 ) (77)

The results of equation 77 have been plotted and are shown in
Figure 5-11,

The system study specified three cascaded bandpass filters, each
having a loaded Q of 50. Now, at +/-5%, each of these filters will
have an insertion loss of 14 dB. This corresponds to point A of
Figure 5-11, which shows a combining loss of -.176 dB. Thus, the
actual combining loss will be .176 dB plus the dissipative loss of the
hybrid itself.

5.7 FILTER INTERACTION

The system study which discussed the FHMUX BER performahce,
showed the need for a narrow RF bandwidth. It appears that the -40 dB
bandwidth of the FHMUX must be about +/~5%. This can be accomplished
by 3 cascaded helical resonators, each with a loaded Q of 50. This
cascaded arrangement results in a 3 dB bandwidth of only +/-0.51%. 1In
order to maintain a low insertion loss, it is essential that the

8l
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COMBINING LOSS DUE TO pt AND p2 (dB)
'

1+
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} Figure 5-~11. Combining Loss Due to Filter pl and p2 vs. Filter
! Skirt Attenuation
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filters do not interact with each other. Forms of interaction can be
caused by unfavorable VSWR, undesired coupling of RF fields, and
possible grounding effects.

Undesired coupling of the high voltage RF fields can be reduced
greatly by shielding and the use of helical resonators. The means of

connecting the resonators together to reduce adverse loading is also
critical.

Figure 5-12 shows two methods of obtaining the desired )
selectivity. Part A of Figure 5-12 shows a standard means of i
obtaining a two resonator response. Of concern is the means of i
coupling between Sections A and B of the two cascaded resonators.

This is usually implemented by a carefully designed iris (I), which is
cut into the common wall between the two resonator cavities.

Assuming power flow from left to right as shown, power reflected
from the load is coupled back through the output quad coupler, and
re-reflected from the resonator circuits to the quad coupler
termination R. Thus, power is not reflected from the quad back to the
load, but the load VSWR is seen by each of the resonator sections
inside the quad pair, and its magnitude is tempered only by the
insertion loss of the quad coupler itself. The iris is designed to
efficiently couple energy from resonator Section A, to Section B. The
effect of a poor impedance match on the output section will thus
detune both resonator sections, and will increase insertion loss and
deform the shape of the filter skirts.

Part B of Figure 5-12 shows how the filter interaction problem
can be greatly reduced, but at the expense of an additional pair of
quad couplers. The actie. .. quad coupler Q3 presents an excellent i
impedance match to the output of the input filter section. Also, any
VSWR effects present at the input are not handed on to the output
section. As long as the individual resonators inside the quad pairs
are tuned reasonably close to each other, the cascaded sections are
independent of each other.

This circuit presents an attractive means to cascade additional
resonator sections in order to improve FHMUX selectivity.
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5.8 HIGH Q RESONATOR STUDY

The Second Quarterly Report recommended the use of helical
resonators instead of lumped L-C circuits. A separate study has since
verified this selection. Alternate high Q resonators have been
studied, and the results are shown in Appendix E.

5.8.1 Introduction

The system study recommended a 40 dB bandwidth of +/-5%.
Achievement of a -2 dB insertion loss at the center frequency of any
given channel is the design goal. 1If three filter sections are
cascaded, with each quad coupler having nominal -0.1 dB combining
loss and a resonator loss of about -0.5 4B, the -2.0 dB design goal
figure may be feasible. However, the combining loss described in the
previous section must a2lso be taken into account. Namely, an off
tuned filter may have a combining loss of 0.18 dB. This effect is
shown in Figure 5-13. Thus, the insertion loss of any given channel
can vary from -2.1 to -3.2, depending on its closeness to the

antenna.

As shown, an RF signal leaving Port 9 will pass through channels
D, C, B, and A before reaching the antenna, and incur a 0.18 dB
combining loss in each channel, plus an additional 0.1 quad coupler
loss in each channel.

5.8.2 Bounding The Problem

The insertion loss of a resonant circuit is set by the ratio of
unloaded to loaded Q as noted below, and is shown in Figure 5-14.

Loss (dB) = 20 Log {(Qu/Q1l)
Qu/Q1-1 (78)

Thus, achievement of a 0.5 dB insertion loss will require a ratio of
Qu to Ql of at least 18, This means that the unloaded Q of the
resonator (including the switchable capacitors) must equal or exceed
900.
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A basic model of the resonator is shown in Figure 5-15, along
with equations 79 and 80. Equation 79 shows that the resonator
unloaded Q is the parallel combination of the inductor and capacitor
Q. Thus, the resonator unloaded Q will always be lower than the S
lesser of the two. Usually, the Q of the capacitor is much higher 51
than that of the inductor, but with use of the switched capacitive
shunt reactive bus, this is no longer true.

Helical resonator design is predicated on the desired Q and self
resonant frequency. The physical size of the resonator is a result of
these two parameters. This value of Q exists only at the
self-resonant fregquency, and is lower at other frequencies. At the

' * .
e o) s At M Tem s e e

self resonant frequency, the resonator model approaches that of a
quarter wave transmission line with a short circuit termination. Also,

as the frequency is lowered, the effective inductance decreases. At T
frequencies close to self resonance, the value of inductance is high,
and the amount of capacity needed to resonate the filter is small,

The Q of the helical resonator is proportional to the square root
of the frequency, hence the lowest Q is obtained at 30 MHz. The
general design procedure is to select a helical resonator self
resonant frequency that is about 10% higher than the highest in band
freqdency, along with the desired Q at this same frequency. The
higher the desired Q, the larger the size of the resonator, as shown

below.
Desired fo 100 MHz
Desired Q 3000
Width = Length 5 Inches
Height 8 Inches
Turns 3.2

The Q at the low end of the band will be less than at fo, and
must be taken into account.

‘ ; As noted, an insertion loss of 0.5 dB requires an unloaded to
loaded Q ratio of about 18. Thus a filter circuit with a loaded Q of
50, and an insertion loss of -.5 dB will require an unloaded Q of

- e e
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RL RC
WL Ryp = PARALLEL
QND = —— EQUIVALENT
RL RESISTANCE

_ 1
Qcar = weRe

Q_Qc

% = +ag (79)

-3d8B

WHERE R = R, + Rg

FOR A HELICAL RESONATOR,
Q = 60 0/f

D = SIDE DIM. IN INCHES 1157.82
F = MHz

Figure 5-15. Resonator Model
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about 900. Also, the filter unloaded Q is the parallel combination of
the inductor and capacitance Q's. Figure 5-16 illustrates this point.
Point A shown that if Q1 is 2400 at the lowest frequency of interest,

the capacitor must have a Q of about 1400 if the insertion loss is to
be 0.5 dB.

A search for a high quality transmitting capacitor indicates that
the ATC 100E series has the highest Q. The Q is specified to be
greater than 10,000 at 1 MHz., It is estimated that the Q will be
about 3500 at 88 MHz. Thus, the parameters of size, Q, and insertion
loss have been assembled such that the problem is adequately bounded.

5.9 COMPUTER AIDED DESIGN AND ANALYSIS

5.9.1 Helical Resonator

The design procedure for helical resonators is well-documented,
but most references present cluttered nomographs as a design aid. A
calculator program was written to enable easy computation of the
resonator physical dimensions, and its characteristic impedance. The
program also computes the required value of resonating capacitance,
effective inductance, and unloaded Q at frequencies other than the

self resonant frequency. A sample printout, and a plotted graph are
shown in Table 5-1 and Figure 5-17.

The helical resonator is actually a shorted transmission line,
and is self resonant at a frequency where its electrical length is
close to a quarter wavelength.

Now, as the frequency is lowered, the impedance remains
inductive, and varies as shown:

X = j z¢ tan l:{.a . 84.a

Thus, as the frequency is lowered, the reactance changes. When
this reactance is divided by the radians per second, it is seen that
the actual "inductance®™ is not constant.
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TABLE 5-1. HELICAL RESONATOR DESIGN

3500. Qu 70.0 FMHZ
94. FMHZ 8.0391676 00  C,PF
6.016623937 SN 6.4303276-01  L,UH
2.829041133 N 3.0203212 03 Qu
144.1042827 Zo
3.970971798 D,IN 7501  FMHZ
9.626596298 H,IN 6.0996694 00  C,PF ¥ lf
7.3826358-01  L,UH }
50. FMHZ 3.1263295 03 Qu
2.2088857 01  C,PF
4586981801  L,UH 8.01 FMHZ
2.552637 03 Qu 4.4856904 00  C,PF
8.8232089-01  L,UH
5501  FMHZ 3.2288592 03 Qu
1.7150605 01  C,PF
4.8824233-01  L,UH 8501 FMHZ 1
2.6772287 03 Qu 3119450200  C,PF |
1123891400  L,UH |
6.01 FMHZ 3.3282319 03 Qu
1337374501  C,FPF
5.261199-01  L,UM 8801 FMHZ
2.7962741 03 Qu 2394133400  C,PF
1366238700  L,UH
6501  FMHZ 3.3864561 03 Qu
1.041236101  CFPF
5.757903-01  L,UH
2.9104544 03 Qu
QU = RESONATOR UNLOADED Q
FMHZ = FREQUENCY IN MEGACYCLES
S = RESONATOR WIDTH AND DEPTH IN INCHES
N = NUMBER OF TURNS
Zo = RESONATOR CHARACTERISTIC IMPEDANCE IN OHMS
DIN = DIAMETER OF HELIX, IN INCHES
HIN = HEIGHT OF RESONATOR IN INCHES

C,PF = CAPACITANCE IN PICOFARADS
LUH = INDUCTANCE IN MICROHENRIES 7159.82
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Table 5-1 shows that a self resonant Q of 3500 is necessary to
obtain a helical resonator Q of 2552 at 30 MHz. This is the basis for
point A in Figure 5-16. Figure 5-17 also shows the frequency

increments over which certain capacitive elements are active in the
shunt binary capacitive bus.

The calculator printout shown in Table 5-1 begins with the
selection of the resonator unloaded Q (3500) at the self resonant
frequency (94 MHz). With this data, the program then calculates the
resonator physical parameters such as width, height, and number of
turns. It also calculates the resonator characteristic impedance.
This is the design section of the program.

The analysis section computes the effective inductance and
unloaded Q of the resonator at a given frequency, and the value of
capacity needed to provide resonance at that frequency. The entry at
88 MHz shows that 2.39 pF is needed to provide resonance. Thus, the
shunt capacitive bus cannot present more than 2.39 pF with all
capacitors switched into the "off" state at 88 MHz. This is a key
design parameter for the shunt capacitive bus.

5.9.2 Shunt Capacitance Binary Bus Discussion

The binary capacitance bus is the vehicle chosen to tune the
helical resonator. This circuit possesses advantages characteristic
of digital structures. It can be instantly tuned to a desired state
without slewing. The use of solid state switching devices enables its
use for fast frequency hopping applications. 1In this way, extreme
frequency agility can be achieved because any reactance value is only
removed by one configuration period from any other reactance value.

Previous work reported in the Third Quarterly Report is
contained in Appendix F. This initial model was unsuccessful, but
still useful in that the problem areas were quickly identified.

A simplified schematic of a shunt binary reactive bus is shown in

Figure 5-18. The actual values of the capacitors 're modeled in a
binary manner, as shown.
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A limiting factor in achieving a resonator unloaded Q of about
900 is the PIN Diode. Extensive computer modeling leads to the
conclusion that some form of band splitting is necessary. Also, the
"on/off" capacitance ratio is not nearly ideal for the smaller
capacitors in the bus,

A preliminary PIN diode specification was prepared and sent out
to 15 PIN diode vendors. A few vendors were optimistic regarding the
achievement of this performance, however it is now realized that this
specification was not rigorous enough.

A recent IEEE MTT Publication (May, 1979) "Microwave
Semiconductor Control Devices®™ by Mr. R.V. Garver, states the
following:

"A second area of interest is the speed and power limitations of
P-I-N diode control devices. This art has progressed little in the
last 10 years and remains short of the theoretical limit without
explanation. The technology suffers with poor and conflicting
definitions for switching speed, certain theoretical areas have been
consistantly handled incorrectly, and no one has yet taken a good look

at the experimental performance of the P-I-N diode junction in
switching transition."

This respected author then describes a possible FET configuration
which will in theory surpass the PIN Diode as an RF switching element.
In general, he proposes a GaAs depletion mode FET. Such a device is
not yet available, but the above article is at least a start.

The above reference spurred a literature search describing
development of an FET RF switch. Nothing was found. The author
of the reference, Mr. R.V. Garver, was contacted at the Harry Diamond
Laboratory, and provided the following comments:

. There is insufficient dollar interest at this time to entice
the semiconductor industry to build such an FET

. PIN Diodes, despite their failings, will continue to be the
major RF switching element for approximately the next five
years
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. Those who are using FET's select available devices and try
them emperically in circuits

. In general, the all glass construction used in Unitrode PIN
Diodes gives the highest off resistance available. An Rp of
1 Megohm, and Cp of 1-5 pF is achievable.

The main problem areas of the binary bus described in Appendix F
are:

. The wide frequency range necessitated relatively large
values of capacity in the bus. These large values were only
switched in at the low end of the band (30-50 MHz). Thus at
higher frequencies, the off impedance of the PIN Diode in
series with these larger capacitor values, destroyed the Q
of the resonator

. Tuning accuracy was impaired by the poor "on/off" ratio of
the small capacitor elements

. At that time, a +/-2%, 40 4B bandwidth system was contem-
plated, thus a loaded Q of 113 was needed.

5.9.3 Resonator Design Decisions

It was decided to paper-design a bandpass filter with the
following features:

. The frequency range is 50-88 MHz

. The helical resonator self resonant frequency (fo) will be
set at 105 MHz, thus enabling the bus to tune the resonator
at 88 MHz. The bus described in Figure 5-17 has a minimum
capacity of about 4.5 pF at 88 MHz, and a resonator with an
fo of 105 Mhz will require 4.6 pF at 88 MHz.

. The three highest value capacitors will use two PIN Diodes
in series to raise the Rp

. The diode parameters are assumed to be: Rp = 1 MEG, Cp = 2
pF, and Rs = 0.1 ohms.
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Table 5-2 shows the basic design and analysis of the resonator
described above. The design procedure and parameter nomenclature are
the same as shown in Table 5-1.

O

A schematic diagram of the resonator design given in Table 5-2,
and the required shunt capacitive bus is shown in Figure 5-19. Note
that each of the three branches with the highest value of capacity (3,
4, and 12 pF) have two PIN Diodes in series to increase the "off" -
impedance.

..
»

A rigorous analysis of Figure 5-19 was performed at three --
frequencies. These frequencies, and associated parameters are given .
in Table 5-2. Case one is at 53 MHz, case two at 70 MHz, and case
three is at 87 MHz.

A brief description of the calculator program used for this -
analysis is given in Figure 5-20, along with an explanation of the
abbreviations.

Figure 5-19 shows a total of eight branches in the shunt
capacitive bus. For accurate tuning, the correct PIN Diode switching ]
arrangement must be known for every desired frequency. As noted, the 3
circuit of Figure 5-19 is to be analysed at three frequencies. As a N J
first step each branch of the bus must be analyzed in both PIN Diode ' |

states. The diode parameters associated with these states are shown
in Figure 5-19. Upon completion of this diode "on/off' analysis, the -

diode switching arrangement can be determined by simply summing the -
branch capacitors to obtain the correct value of total bus capacity. -
These values are obtained from Table 5-2, -

The "on/off' analysis for 53, 70, and 87 MHz is shown in Tables -
5-3, 5-4, and 5-5. These figures serve as a "shopping list"™ of -

capacitive values to structure the bus,.

The actual filter analysis is shown in Table 5-6, 5-7, and 5-8. -
The diode states for each branch are shown in the figures. The
printout shows the Q of each branch: hence problem situations can be
easily recognized.
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TABLE 5-2. HELICAL RESONATOR DESIGN AND ANALYSIS
DESIGN DATA MHZ ANALYSIS DATA
3500. Qu 70 1.1079101 o1 C,PF
105. FMHZ 4.6659456 01 C,PF
5.692750426 S,IN 4.6659456-01 L,UH
2.676754486 N 2.857738 03 Qu
136.3471816 zZ0
3.757215281 D, IN 65 1.3843877 01 C,PF
9.108400681 H,IN 4.3306771-01 L,UH
) 2.7537853 03 Qu
MHZ ANALYSIS DATA
60 1.7307346 01 C,PF
88 4.5925085 00 C,PF 4.0654374-01 L,UH
7.1223768-01 L,UH 2.6457513 03 QU
3.204164 03 QU
55 2.1737396 01 C,PF
87 4.857635 00 C,PF 3.852187-01 L,UH
6.8898282-01 L,UH 2.533114 03 QU
3.1859065 03 Qu
[ 54 2.2771943 01 C,PF
: 86 5.1311259 00 C,PF 3.814632-01 L,UH
6.6746836-01 L,UH 2.0599801 03 QU
3.1675437 Qu
3 53 2.3864897 01 C,PF
85 5.413399 00 C,PF 3.778583-01 L,UH
6.4763808-01 L,UH 2.4866309 03 Qu
' 3.1490739 03 Qu
3 52 2.502081 01 C,PF
: 80 6.9729345 00 C,PF 3.7439687-01 L,UH
' 5.6760303-01 L,UH 2.4630604 03 Qu
i 3.0550505 03 QU
) 51 2.6244687 01 C,PF
75 8.8311464 00 C,PF 3.7107228~-01 L,UH
5.0991837-01 L,UH 2.4392622 03 QU
2.9580399 03 Qu
50 2.7542037 01 C,PF
3.6787833-01 L,UH
E 2.4152295 03 Qu
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TABLE 5-3. ON/OFF VALUES AT 53 MHz
DIODE BRANCH DIODE BRANCH
STATE ANALYSIS STATE ANALYSIS
0. RS 0. 00 RS
0.075 L,NH 7.5-02
1.-01 c,PF 1.-01 c,PFP
3.5 03 Q OFF 3.5 03 Q
ON 1.-01 RP 1. 06 RP
0. 00 CPPF 2. 00 CPPF
5.3 01 FHMZ 53, FHM~
1.0000008-01 c, PF 9.5240447-02 c,PF
3.4596735 03 Q 2.9108361 03 Q
1.-01 c,PF 1.8-01 c,PF
ON 3.5 03 Q 3.5 03 Q
1.8000027-01 c,PF OFF 1. 06 rRP
3.4280753 03 ) 2. 00 CPPF
1.6514469-01 c,PF
3.75-01 c,PF 2.5907442 03 0
3.5 03 Q
ON 3.7500117-01 c,PF 3.75-01 c,PF
3.3534198 03 Q 3.5 03 0
1. 06 RP
7.5-01 C,PF 2. 00 CPPF
ON 3.5 03 Q 3.1581534-01 c,PF
7.5000468-01 c,PF 2.0943458 03 Q
3.2186228 03 Q
7.5-01 c,PF
1.5 00 c, PF 3.5 03 )
3.5 03 Q OFF 1. 06 RP
ON 1.5000187 00 c, PP 2. 00 CPPF
2.9791182 03 Q 5.4553171-01 C,PF
1.6208534 03 Q
3. 00 c,PF
3.5 03 Q 1.5 00 c,PF
oN 2.-01 RP 3.5 03 Q
0. 00 CPPF OFF 1. 06 RP
3.0000749 00 c,PF 2. 00 CPPF
2.0595978 03 Q 8.5733342-01 c,PF
1.2402583 03 0
6. 00 c,PF
3.5 03 Q 3. 00 c,PF
ON 2.-01 RP 3.5 03 Q
0. 00 CPPF 2. 06 RP
6.0002994 00 c, PF OFF 1. 00 CPPF
1.4590892 03 Q 7.50056831-01 c,PF
8.3599512 02 )
1.2 01 c,oF
3.5 03 Q 6. 00 C,FF
ON 2.-01 RP OFF 3.5 03 )
0. 00 CPPF 2. 06 RP
1.2001198 01 c,PF 1. 00 CPPF
9.2162182 02 Q 8.5788522-01 c,PF
7.5394409 02 Q
TOTAL 1.2 01 c,PF
CAPACITY | 2.3906595 01 c,PF OFF 3.5 03 )
PF 1.2246866 03 Q 2. 06 RP
1. 00 CPPF
9.2393795-01 c,PF
7.1099355 02 Q
TOTAL
CAPACITY 4.5114565 00 c,PF
PF
Q OF BUS 9.7856866 02 Q
9483
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TABLE 5-4. ON/OFF VALUES AT 70 MHZ
DIODE BRANCH DIODE BRANCH
STATE ANALYSIS STATE ANALYSIS
0. RS 0. 00
0.075 L,NH 7.5 02 L,NH
1.-01 C,PF 1.-01 C,PF
3.5 03 Q 3.5 03 Q
ON 1. 01 RP OFF l. 06 RP
0. 00 CPPF 2. 00 CPPF
7. 01 FMHZ 7. 01 FMHZ
1.0000015-01 C,PF 9.5240499-02 C,PF
3.4462335 03 Q 3.0656298 03 Q
1.8-01 C,PF 1.8-01 C,PF
3.5 03 Q 3.5 03 Q
ON 1.8000047-01 C,PF 1. 06 RP
3.4056249 03 Q OFF 2, 00 CPPF
1.6514484-01 C,PF
3.75-01 C,PF 2,8096927 03 Q
ON 3.5 03 Q
3.7500204-01 C,PF 3.75-01 C,PF
3.3089651 03 Q 3.5 03 Q
OFF 1. 06 RP
7.5-01 C,PF 2. 00 CPPF
3.5 03 Q 3.1581591-01 C,PF
ON 7.5000816-01 C,PF 2.3812069 03 Q
3.137703 03 Q
7.5-01 C,PF
1.5 00 C,PF 3.5 03 Q
3.5 03 Q OFF 1. 06 RP
ON 1.5000326 00 C, PF 2. 00 CPPF
2,8433697 03 Q 5.4553341-~01 C,PF
1.9319978 03 Q
3. 00 C,PF
3.5 03 Q 1.5 00 C,PF
ON 2.-01 RP 3.5 03 Q
0. 00 CPPF OFF 1. 06 RP
3.0001306 00 C, PF 2. 00 CPPF
1.8193992 03 Q 8.5733762-01 C,prF
1.5381432 03 Q
6.00 C,PF
3.5 03 Q 3. 00 C,PF
ON 2.-01 RP 3.5 03 Q
0. 00 CPPF 2. 06 RP
6.0005223 00 C,PF OFF 1. 00 CPPF
1.2291465 03 Q 7.5052126-01 C,PF
1.083373 03 o)
1.2 01 C,PF
3.5 03 Q 6.00 00 C.,PF
ON 2.-01 RP 3.5 03 Q
0. 00 CPPF OFF 2, 06 RP
1.200209 01 C,PF 1. 00 CPPF
7.4542145 02 Q 8.5788907-01 C,PF
9.8602864 02 Q
TOTAL
CAPACITY 2.3907782 01 C,PF 1.2 01
PF 3.5 03
OFF 2. 06
BUS Q 1.0133131 09 Q 1. 00
9.2394241-01
9.3435513 02
TOTAL
CAPACITY 4.5114747 00
PF
BUS Q 1.2483555 03
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TABLE 5-5. ON/OFF VALUES AT 87 MHz
DIODE BRANCH DIODE BRANCH
STATE ANALYSIS STATE ANALYS1S
0. 6.2575358 02 Q
0.057
1.-01 c,PF 0. 00 RS
ON 3.5 03 Q 7.5-02 L,NH
1.-01 RP 1.-01 C,PH
0. 00 CPPP OFF 3.5 03 Q
8.7 01 FMH2 1. 06 RP
1.00000022-01 Cc,PP 2. CPPP
3.4342864 03 Q 8.7 01
9.5240569-02 C,PF
1.8-01 c,PF 3.1682682 03 Q
ON 3.5 03 Q
1.8000073-01 C,PF 1.8-01 C,PF
3.3834656 03 Q 3.5 03 Q
1. 06 RF
3.75-01 c,PP OFF 2. 00 CPPF
3.5 03 Q 1.6514505-01 C,PF
ON 3.7500315-01 C,PF 2.9621976 03 Q
3.2656713 03 Q
3.75-01 C,PF
7.5-01 C,PF 3.5 03 Q
3.5 03 Q 1. 06 RP
ON 7.5001261-01 C,PF OFF 2. 00 CPFP
3.0607476 03 Q 3.1581667-01 C,PF
2.5979833 03 Q
1.5 00 C,PF
ON 3.5 03 Q 7.5-01 C,PF
1.5000504 00 C,PF 3.5 03 0
2.7194441 03 OFF 1. 06 RP
2. 00 CPPF
3.00 C,PF 5.4553569-01 C,PF
3.5 03 Q 2.1878493 03 Q
ON 2.-01 RP
2. 00 CPFF 1.5 00 C,PF
3.0002015 00 C,RF 3.5 03 Q
1.6293604 03 Q 1, 06 RP
OFF 2. 00 CPPF
6.00 C,PF 8.5734320-01 C,PF
3.5 03 Q 1.801768% 03 Q
ON 0.2 RP
0. CPPF 3. 00 C,PF
6.0008069 00 C,PF 3.5 03 Q
1.0617904 03 Q OFF 2, 06
1. 00 CPPF
1.2 01 C,PF 7.5057545-01 c,PF
ON 3.5 03 Q 1.3216136 03 Q
2.-01 RP
0. 00 CPPF 6. 00 c, PP
1.2003228 01 C,PF 3.5 03 Q
OFF 2. 06 RP
1. 00 CPPF
8.5789455-01 c,PF
1,2136122 03 Q
TOTAL 1.2 01 C,PF
CAPACITY 2.3509298 01 C,PF 3.5 03 Q
PF OFF 2. 06 RP
1. 00 CPPF
Q OF BUS 8,6412665 02 o] 9.2394877-01 c,PF
1.1554934 03 Q
TOTAL
g;PACITY 4.5114999 00 C,PF
Q OF BUS 1.5003391 03 Q
9583
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TABLE 5-6. FILTER ANALYSIS AT 53 MHz

BRANCH DIODE BRANCH PREQUENCY ERROR ANALYSIS
ANALYSIS
00 .0 RS Single Resonator
7.5-02 L,NH Desired Fo = 53,000 MHz
1.,-01 C,PF

3.5 03 Q 1. N
1 OFF 1. 06 RP 50. Ql
2. 00 CPPF 52.958924 N
5.3 01 PMHZ 53. F
9.5240447-02 C,PF -. 0260482907 Q1

2.9108361 03 Q
~-.026d8 Loss Per Resonator

1.8-01 C,PF Due to Frequency Error
3.5 03 Q
2 ON 1,-01 RP
0. 00 CPPP
1.8000027-01 C,PF Loss Analysis Based on
3.4280753 03 Q Ratio of Unloaded To Loaded

3.75-01 C,PF
3.503 0 u _ 820 _
3 ON 1.-01 RP 8r g = 16.4
0. 00 CPPF
3.7500117-01 C,PF dB = 20 Log QU/QL + Tuning
3.3534198 03 Q -1 Loss

7.5-01 C,PF = 20 Log 16.4 + .026
3.503 @ 18.3-1
4 oN 1.-01 RP
0. 00 CPPF = 0.55 + .026
7.5000468-01 C, PF
2.21862228 03  Q = 0.576 dB Per Filter

1.5 00 C,PF

3.5 03 Q

5 ON 1.-01 RP
0. 00 CPPF

1.5000187 00 C,PF

2,9791182 03 Q

3. 00 C,PF
3.5 03 Q

6 ON 2.-01 RP
0. 00 CPPF

3.0000749 00 C,PF

2.0595978 03 Q

6. 00 ¢,PF
3.5 03 Q
7 ON 2,-01 RP
0. 00 CPPF

6.0002994 00 C,PF
1.4590892 03 Q

1.2 01 ¢,PF

3.5 03 Q

2.-01 RP

0. 00 CPPF
1.2001198 01 C,PF
9.21162182 02 Q

TOTAL

CAPACITY, PF 2.3901835 01 C,PF
BUS Q 1.2242036 03 Q
RESONATOR

INDUCTANCE 3.7786 02 L,NH
(nH), AND Q AT 2.487 03 Q
53 MHz

ACTUAL PILTER

RESONANT PREQ- 5.2958924 01 FMHZ
UENCY AND 8.2037922 02 Q

UNLOADED Q.
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TABLE 5-7. FILTER ANALYSIS AT 70 MHz

BRANCH PREQUENCY ERROR ANALYSIS
ANALYSIS
0. RS SINGLE RESONATOR,
0.075  L,NH DESIRED FO =
1.-01 C,PF 70.000 MHz
3.5 03 @
1,-01 RP 1. N
0. 00 CPPF 50, Q1
7. 01 PMMZ 71.631853 FC
1.0000015-01 C, PP 70, F
3.4469335 03 Q -7.916758412 DB
1.8-01 C,PF -7.92 dB LOSS PER RESONATOR
3.5 03 @ DUE TO PREQUENCY ERROR.
2 oN 1.-01 RP (CORRECTABLE)
0. 00 CPPF
1.8000047-01 C, PF
3.4056249 03 9 LOSS ANALYSIS BASED ON
RATIO OF UNLOADED TO LOADED
3,75-01 C, PF 0.
3.503 @
3 on 1.-01 RP QU = 942 = 18.84
0. 00 CPPF or 50
3.7500204-01 C,PF
.3089651 03 Q@  dB = 20 Log QU/QL + TUNING
QU/QL-1 LOSS
7.5-01 C, PF
3.503 0 = 20 LOG 18.84 +7.92
‘ 1.-01 RP 18.84 - 1
| 4 oN 2. 00 CPPF
7.5000816-01 C,PF = 0.473 = 7.92
3.137703 03 @
dB = 8.39 dB PER FILTER
1.5 00 C,PF
( 3.503 0
. 1.-01 RP  COMMENT: THE 7.92 dB
, 5 oN 0. 00 cPPF TUNING LOSS IS CORRECTABLE

1.5000326 00 C,pF
2.8433697 03 Q

; 3. 00 C,PF
/ 3.5 03 Q
; 2. 06 RP
F 6 OFF 1. 060 CPPF
, 7.5057126-01 C,PF
1.083373 03
3.5 03
2.-01 RP

7 ON 0. 00 CPPF

6.0005223 00 C,PF
11.2291465 03 Q

'{ 1.2 01 C,PF
3.503 Q@

8 OFF 2. 06
1. 00 CPPF
9.2394241-01 C,oF
9.3435513 02 Q

[
|
[
(e [
[
[

TOTAL
CAPACITY PF 1.0580079 01 C,PF j
BUS 0 1.4059336 03 @
RESONATOR 4.66594 01 L,NH .
INDUCTANCE (nH), 2,858 03 0 }
AND Q AT 70MHz e
ACTUAL PILTER 7.1631853 01 FMHZ B
RESONANT PREQUENCY  9.4235946 02 0
UNLOADED Q ]
9083
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TABLE 5-8. FILTER ANALYSIS AT 87 MHz

BRANCH DIODE BRANCH FREQUENCY ERROR ANALYSIS
NUMBER STATE ANALYSIS
0, 00 RS Single Resonator,
7.5-02 L,NH Desired Fo = 87,000 MHz
1,-01 C,pF
3.5 03 Q 1. N
1 o 1.-01 RP 50. Ql
0. 00 CPPP 87.568593 FC
8.7 01 FMHZ 87.
1.0000022-01 C, PP ~1.527790969 DB
3.4342864 03 o]
~1.53 dB Loss Per Resonator
1.8-01 C,PF Due to Frequency Error
2 ON 3.5 03 Q (Corractable)
1.-01 RP
0. 00 CPPF
1,8000073-01 C,PF LOSS ANALYSIS BASED ON
3.3834656 03 Q RATIO UNLOADED TO LOADED Q.
3.75 01 C,PF QU = 1066 = 21.32
3.5 03 Q oL 50
3 ON 1.-01 RP
0. 00 CPPF dB = 20 Log QU/QL + Tuning
3.7500315-01 C,PF Qu/QL~1

3.2656713 03 @
dB = 20 Log 21.32 + 1.53

7.5~01 C,PF 21,32
3.5 03 Q
1.~01 RP dB = ,417 + 1.53
4 aN 0. 00 CPPF
7.5001261~01 C,PF = 1.94 dB Per Filter
3.0607476 03 Q
1.5 00 C,PF Comment: The 1,53 dB Tuning
3.5 03 [o] Loss is Correctable.
1. 06 RP
S OFF 2. 00 CPPF

8.5734326-~01 C,PF
1.8017685 03 Q

3. 00 C,PF

3.5 03 Q
6 OFF 2. 06 RP

1. 00 CpPF
7.5057545~01 C,PF
1,3216136 03 [}

6. 00 C,PF
3.5 03 Q

7 OFF 2. 06 RP
1. 00 CPPF

8.5789455~01 C,PF
1.2136122 03 Q

1.2 01 ¢,PF
3.5 03 Q
8 OFF 2. 06 RP
1. 00 CPPF
9.2394877-01 C,PF

1.1554934 03 Q .

TOTAL

CAPACITY PP 4.7947785 00 C,PF
BUS Q 1.602288 03 Q

RESONATOR INDUCTANCE 6.8893 02 L,NH
(nHY), and Q at 87 MHz 3.186 03 Q

Actual Filter Reso-
nant Prequency, and 8,7568593 01 FMHZ
Unloaded Q 1.06612 03 Q




5.9.4 Results And Conclusions

. The band splitting technique, and the circuit modeling
described above result in a workable resonator as far as the
Q is concerned. Only three frequencies were analyzed, but
in general, the Q can be expected to vary from 800 to 1000,
resulting in acceptable insertion losses

. An accuracy problem exists, and is apparent in Table 5-7,
where the filter is detuned by 163 KHz, and the insertion
loss is -8.4 dB. This is correctable by adding additional
sections to the bus. These extra sections will have small

capacitors, to enable better resolution, and will not
significantly lower the Q, because the values of capacity
are small. Accuracy will probably emerge as the main

— et

implementation problem of the FHMUX

! . The development of a PIN Diode with the low "on"™ and high
"off impedances may or may not be compatible with the FHMUX
distortion requirement. Some PIN Diode distortion reduction
techniques are:

1 . The PIN Diode should have a wide I region, and a long
carrier lifetime

. The diode should be forward biased to as high a
current, and reverse biased at the highest voltage as

possible.

Distortion produced ih the PIN Diode circuit can be reduced
further by adding another PIN Diode in series with the first. This
increases the effective I region of the diode. In addition, the
diodes are connected in a back to back orientation which causes an
additional decrease in distortion due to cancellation of the
distortion currents. An updated PIN Diode specification is shown in
Table 5-9.

. A funded PIN Diode program will probably be needed,
preferably during development of the Advanced Engineering i
Model. '
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TABLE 5-9. PIN DIODE SPECIFICATION

. Frequency 30-88 MHz
. Input RF Power 100 watts, C.W.*
i . Temperature -55 to +85 (Est.)
| . IMD Products -120 dBc Max.
. Harmonic Distortion -120 dBc Max.
. Size N/A
1 . Forward Current 200 ma '
: . Reverse Voltage 100
‘ . Parallel Resistance 1M ;,
{ . Power Dissipation TBD i
| . Series Resistance 0.1 ohms Max. ;
. Diode Capacitance 2 pf E«
. Effective Minority Carrier Lifetime TDB é
‘ ; . Switching Speed ' 10-20 Microseconds E
. . "Hot" Switching is not Required. é
’ [ * .16 Duty Cycle for High Power RF, Foward Bias May Have 1.0 Duty
| Cycle. f
2
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5.10 PACKAGING CONCEPT

5.10.1 Mechanical Concept

The use of quad-coupled filters, and the combining scheme
described, makes possible a true-building block approach for the
FHMUX.

Each building block bandpass filter (BPF) is composed of two
quadrature couplers, two identical tuneable resonators, terminating
resistors, and a set of PROMS and PIN Diode drivers. The system is
easily expandable to almost any desired number of channels.
Complicated matching networks are not required to combine channels,
and all Rf impedances are 50 ohms.

The tuning of each BPF is accomplished by a shunt capacitive bus,
where the various capacitive values are weighted in a binary manner.
Each capacitive element will be switched in or out of the bus with a
PIN Diode. The high degree of capacitive resolution required, and
tolerance variations of all of the components require some means of
calibration. Also, it is necessary that each BPF present identical
impedances to the quadrature couplers. This difficulty is overcome by
individually programming the capacitive bus of each BPF with a PROM,
Thus each BPF will have its component variations calibrated out at
each frequency, and thus present an identical impedance to the quad

coupler.

A preliminary sketch of the quad coupled BPF assembly is shown in
Figure 5-21. The quad couplers are presently available from Merrimac,
namely the QHF-3-,060G, which is 5 " X 5 " X .215" in size.

An estimated volumetric breakdown of the BPF is given.

Cu. in. each Extension

Resonators (2) 360 720

Coupler Assy's (2) 144 288

Prom Assy (2) 72 144

Cap. Buss (2) 72 144
1296 in’
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The volume required for one quad-coupled BPF is 1296 cubic
inches, or, 0.75 cubic feet.

A five-channel FHMUX, with band splitting will require 30 BPF
assemblies, and use 22.5 cubic feet.

Also required are:

Microprocessor Assy's 1l cubic foot, est.

Power Supply Ass'y 2 cubic feet, est.

Thus a first cut size estimate for a five channel FHMUX is about 26
cubic feet, or a box about 3 ft X 3 ft X 3 ft.

5.10.2 Power Consumption

The PIN Diodes will require a large amount of dc power. The
preliminary PIN Diode spec called for an Rs of 0.1 ohms at about 200
ma. It may be necessary to raise the current even higher to obtain
this low Rs. However, an Rs of 0.1 ohms is not really needed for all
elements of the bus. The smaller value elements can tolerate a higher
Rs and still maintain a respectable Q.

An estimated current budget for an individual bus is given in
Table 5-10. These currents will probably be derived from a high
efficiency switching regulator which delivers a nominal 5.0 volts for
the logic and the PIN Diode switch drivers.

TABLE 5-10. POWER CONSUMPTION

Capacitive Tolerable Estimated

Element RS at Forward Current

(pF) 88 MHz {ma)

0.1 2.5 5

0.18 1.5 10

0.375 1.0 20

0.75 .50 50

1.5 .25 100

3 .1 400

6 .1 400

12 .1 700

1685
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It is unlikely that at any given time, all diodes in a bus are "on."
An estimated average value might be 800 ma. Thus each quad coupled
filter assembly would draw an estimated 1600 ma of current from a S
volt regulator.

A five channel FHMUX with band switched resonators will have 30
BPF assemblies. However, only 20 of these have to be powered up at
any one time. Thus, the average 5 volt current needed is:

Iavg = 20 X 1.6
= 32 amperes

It is estimated that the logic assembly will require about 4
amperes. If the 5 volt switching regulator is 75% efficient, then the
required dc input power is:

Pdc= (32 +4) X5
.15
= 240 watts, average

A high voltage bias supply is also required, but current drain
will be minimized. This supply is estimated to be 500 volts dc, at a
current of about 0.50 amperes, and is operating at 65% efficiency.

The dc input power for this supply is:

P = 500 X .05
.65
= 38.5 watts average

Thus the average power drain of the PHMUX is about 280 watts of
dc power.




SECTION 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 COMMENT

. The systems study has shown that an acceptable BER is
obtained with a +/-5% guard band, for a five channel FHMUX

. This guard band is compatible with a +/-5%, -40 4B RF
bandwidth, in regard to user transceiver adjacent channel
selectivity and transmitter noise floor

. Band splitting is necessary to achieve the RF selectivity
described above. The PIN Diodes are the limiting component

. The conclusion of this design assessment is that the FHMUX
is feasible, and that hardware development is a logical next
step

. A PIN development effort is a desirable addition to an

advanced engineering model program.

6.2 FINAL CONFIGURATION

The need to split the operating bandwidth of each channel has
increased the complexity of the FHMUX. Each of the five transceiver
channels now has two sub-channels; 30 to 49.975 and S50 to 87.975 MHz.
At any one time however, only one of the sub-channels of a given
channel is in use. The means of efficiently combining the ten
sub-channels to a single antenna was investigated.

A fundamental difference exists between multiplexing and power
combining. Efficient power combining requires nearly identical phase
and amplitude relationships between the signals being combined.
Differences between the signals are dissipated in the power combiner

load resistor. This is true of all types of combiners.

Multiplexing usually involves the combining of signals having
different frequency and power characteristics. None of the ten
sub-channels will ever have the necessary phase and voltage similarity
to use power combining techniques in an efficient manner. The use of
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frequency selective devices is still the most efficient way to
structure the FHMUX.

The full band FHMUX is shown in Figure 6-1. This is the final 62
circuit configuration, and allows each transceiver to hop the full {
30-88 MHz band.

. Each transceiver is connected to a PIN Diode SPDT band
switch, which routes the RF signal to the correct high or
low band sub channel. This switch will add approximately
0.25 dB to the insertion loss. Thus, the sub channel B
insertion loss will be about 2.3 to 2.7 dB ;

. The quad-coupled combining technique has been extended to
easily accomodate the five extra sub channels. However, the
combining losses of the sub channels farthest from the
antenna are now higher. For example, the combining loss of
the Channel E low band path will be:

b

dB = (.18 + .1 ) (n-1)
= (.28 ) X 9 {‘
dB = 2,52 5

This is in addition to the actual channel insertion loss of 2.3
to 2.7 dB, or 4.8 to 5.2 dB.

. This configuration will satisfy the original goals of the l
specification except for the insertion loss requirement. :
About two thirds of the channels will have a higher than I

specified insertion loss

. About 27 cubic feet are required, and power consumption will
be about 250 to 300 watts.

6.3 ALTERNATE CONFIGURATION

The building block approach described earlier, and shown in :
Figure 6-1 is extremely flexible and hence easily adaptable to
alternate configurations. The need to split the frequency band

increases the complexity of the FHMUX by a factor of two, and results
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Figure 6-1. Five Channel FHMUX
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Figure 6-2. Five Channel FHMUX Alternate Configuration
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in combining losses which may be unacceptable. A simplified
configuration is shown in Figure 6-2, This version is predicated on
reducing the hopping bandwidth of each transceiver to either 30-50, or
50-88 MHz. Figure 6-2 shows three highband channels, but many
combinations exist. The FHMUX decision and control function can be
programmed to accept either band of frequencies for any channel.

Insertion loss and combining losses would be lower with this
configuration. The size would be about 30" X 30" X 30", and power
consumption less than 200 watts.
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APPENDIX E

RESONATOR STUDY

E.1 INTRODUCTION
The Frequency-Hopping Multiplexer (FHMUX) requires electron-

ically-tunable High Q Resonators for its filters. These Resonators

must meet the following requirements:

i ’ Tuning Range: 30-88 MHz in 25 KHz steps

’ | Insertion Loss at Resonance: > 0.5 dB

f 2

; Rejection at + 4% of Center Frequency: > 13.3 dB

To accomplish this, some form of electronically-tunable,
distributed-element resonator must be used, since lumped L-C circuits
cannot provide high enough Q.

The following equations give the relationships between insertion
loss or rejection (insertion loss off-resonance), and Qu (unloaded Q),

QL (loaded Q), and QE (external Q):

—~

I1.L., = Insertion Loss

I.L. at Resonance = 20 Log [%% + {] ds
or 20 Log E——Q_-u—-——] dB .
- QU QL ‘
2 1 2 '

I.L. at any Frequency = 10 Log QE (—-5 +£ )| dB
QL 1

i
1)
W )
Where: £ W W

Qe = Doubly-Loaded
External Q
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RESONANT o

VW CIRCUIT
§ Zo -d

Figure E-1, Series Resonant Bandpass Filter

I.L. At Resonance = 20 Log [: :J ’3
od

I.L. at any Frequency = 10 Log =+ {@L> (an.g )2 a8
Q- &) Rt
Qu 4
-d

W
= N o
Where: &= & - &
o
vh
Zo

RESONANT Zo ”

CIRCUIT

—

Figure E-2, Parallel Resonant Bandpass Filter

From the preceeding equations, both Q, and QL or QE must be high
to provide both low I.L. at resonance and ngh-rejection
off-resonance.

Three types of resonators were investigated for the FHMUX
application: the Flauto-C Resonator, the Helical Resonator, and the
Shortened-Line Coaxial Resonator. The Flauto-C Resonator is a
half-wave coaxial resonator which employs shunt capacitors placed at

certain points along its transmission line. These capacitors act to
increase the line's electrical half-wave length and decrease the

resonant frequency. ©On the other hand, the Helical Resonator is a
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coiled quarter-wave-length coaxial resonator, and it can be tuned with
a variable shunt capacitor at its open-circuited end. Finally, the
Shortened-Line Resonator is a half-wave length coaxial resonator that
uses PIN Diodes to change the electrical length of the transmission
line. When a PIN Diode (placed between two points along the
transmission line) is turned on, it supposedly shorts-out a section of
the transmission line, thereby decreasing the line's electrical length

and increasing the resonant frequency.

E.2 FLAUTO-C RESONATOR MODEL

The Flauto-C was modeled as shown below, so that analysis and
optimization could be performed using the "COMPACT" microwave

computer—aided design program.

Ma @ fH N4 @ fH
Zo = 500 I Zo = 500
— —|— LOW
s0 ) ¢ LOW | c | 7 502
2 cd |
| I Rs
I 1.0 OR
| pf | Rp
-
PIN
DIODE
MODEL

Figure E-3. Flauto-C Resonator Model

The ideal transformers in the model represent the input and
output coupling that is usually provided by loops inside a cavity that
contains the transmission line. Moreover, the transformers provide
approximate short circuits at both ends of the transmission lines,
thereby making the line a half-wavelength resonator. Also, the
transformer impedance ratios help determine the Qe (external Q) and QL
(loaded Q); and therefore help define the resonator's rejection and

in-band insertion loss.
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The tuning capacitor at the center, C, can be switched in or out

by the PIN Diode, which is represented by RS when "on", and Rp and Cp
when "off". This capacitor has the greatest tuning effect when placed
at the center of the line where the voltage standing wave is the
greatest. However, the placement of this capacitor (and additional
tuning capacitors) at other points along the line is sometimes used.

The equations for the resonant frequencies shown below were
detived for a single-capacitor Flauto:

')
. _ 20 Yo 1
Diode "on": 0 = 5 Tan > - %oC
2 2 2 2
wal R c,C, + R C, + 1
Diode "off": 0 = 22 Tan or _ p_ Yo 172 'p_Wo -2
2 v 2 2 2
(wOC 1)(Rp w4 C2 + 1)

The preceeding equations are transcendental, and therefore an
equation for w g cannot be shown in closed form. Consegquently, C and
fH (the frequency for which each transmission line section equals 90°)
were chosen through the use of "COMPACT" computer analysis and

optimization,.

The elements respesenting the PIN Diode (Cd and Rs or Rp) were
either chosen to give the desired resonator performance specifications
(insertion loss and rejection) or they were taken from available PIN
Diode specifications. However, Cd (the diode "off" capacitance) was
fixed at 1PF, which is a typical value for high-quality,
high-frequency PIN Diodes.

E.3 HELICAL RESONATOR MODEL

The Helical Resonator was modeled as shown below:
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A4 @fH
O ! 2o0=500 | L f O

50 LOW Z c "'g" 50 OHM
Q e ——— 1 SYSTEM

| ‘ Ry |

{ cd OR :

1.0 pf Rp
e _

PIN DIODE
MODEL

Figure E-4. Helical Resonator Model

This circuit represents a quarter-wave coaxial resonator with an
approximate short circuit on the left end and an approximate
open~circuit on the right end. The coupling used here has two
separate ports (two ports were necessary for "COMPACT"™ computer
modeling), whereas Helical Resonators are sometimes used as
single~port devices. Also, most of the reasoning for this model is
the same as for the Flauto-C Resonator Model. A Flauto-C Resonator
can be looked at as two identical Helical Resonators connected back to
back.

E.4 SHORTENED-LINE RESONATOR MODEL

The Shortened-Line Resonator was modeled on “"COMPACT" as shown

below: N ¢ Cd 7
/ PIN

DIODE

MODEL

Zo = 5002

LOW Z
o— A2 fL

08

Figure E~5. Shortened Line Resonator
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In addition, an odd-even mode analysis was performed on the diode

and the shorted section of transmission line. These results are shown

below:
2o

Where:
g = Electrical

DIODE

Rs Length of
Shorted Section
J Zo C C Zo of Transmission '%
; O -0 Line b
: -
! 1 1 G [
g G = = Y = -— —_ = —_—
Rs o Zo G Yo }
| I
. - 8 8
' S = 5 2G - j (cot 2 + Tan 2) -
12 = °21 _ ] [
2(G + 1) + j|(ran 2) (2G + 1)-Cot 2
8
= = -42G Tan 2
S11 = S22 ¢ ~ - ]
2(G + 1)+j3 LTan 2) (2G + 1) - cot 2

Figure E-6. O0dd-Even Mode Model For Shortened Line Resonator

There are two problems with the Shortened-Line Resonator. As can
be seen from the Shortened-Line analysis (which was confirmed by
"COMPACT" analysis), the section of transmission line is not simply
shorted-out by the PIN Diode. Therefore, the resonator electrical
length is not as short as originally expected. Also, the total
resonator length would be longer than the Flauto-C, since the length
is chosen for the lowest (not the highest) frequency of interest.
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E.5 FLAUTO-C RESULTS

Several "COMPACT" computer runs were made using the Flauto-C
model. Some of these results appear at the end of this appendix, and

most of thse figures show the diagram of the model, the program and
the results,

Figures £-7 and E-8 show a Flauto-C Resonator that is tuned to 59
MHz with the diode "on" and 88 MHz with the diode "off". The diode
"on" and "off" resistances were selected to give 0.5 4B of insertion
loss at resonance and about 13-14 dB of rejection at + 4% off
resonance. For example, shown at the bottom of Figure E-7, are the

S5, values in dB (insertion losses) for the corresponding frequencies.

The R, shown in Figure E-7 that is required to meet the insertion
loss and rejection specifications with the diode "on" is 0.074 ohms.
This Ry value is not presently obtainable with the PIN Diodes on the
market. Therefore, "COMPACT" runs were also made with Unitrode UM6200
(a 1ow—Rs PIN Diode) specifications. The Specifications were taken
for heavily biased conditions: "on" at about 0.5 amp. (Rs = 0.15
ohms), and "off" at about 200 volts (Rp = 500K ohm).

Figures E~9 and E-10 show the runs with the UM6200 diode. Only
the insertion loss in the "on" state (resonant at 59 MHz) failed to
meet the insertion loss specification; this specification was missed
by about 0.5 dB. However, these runs (Figures E-7, E-8, E-9, and E-10
were made for single-diode, single-tuning-capacitor resonators with
only two resonance points.

It was also determined if the Flauto-C could be tuned over the
30-88 MHz frequency range. Figures E-11 and E-12 show that with a
large value of switched shunt capacitance, the resonator frequency can
be varied from 30-88 MHz.

Another problem considered was tuning the Flauto in 25 KHz
increments. For Example, tuning using a Binary Tuning Signal was
accomplished by Arthur Karp at the Stanford Research Institute.
However the percentage bandwidth was small (12%) when compared with
the 30-88 MHz (98%) frequency range required for this study.
Consequently, Karp's Filter was loaded with small capacitance values,
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_ T T T T T T
—_ Meets insertion loss specification . '
i L FLTOR.DATA | '
FLTOR.DATA .
00010 TRF AA IN 50 .63 :
100020 YRL_BB_SE 50_90_88,756__ _ e e

| 00030 CAS AA BB

! 00040 PRC CC PA -.074 1 I
00050 CAP_DD_PA 62,738 : . |
00060 SER CC DD ) . '
00070 CAS AA CC
..00080 TRL _EE_SE 50.90.88.256
00090 CAS AA EE B : ‘
00100 TRF FF IM -,63 50 J

00110 CAS AA.FF. .-

, 00120 PRI AA 81 50

i 00130 END

; 00140. 50 56.44.59.61.36_68 ——

: 00150 END i R ;
00360 .001 ,

f 90170 00 30 ~43e3 .. ]
00180 END .
READY
LOMPACT FLTOR . ______
COMPACT NICROWAVE ANALYSIS PROGRAM (VERSION 2.3) 6/12/7%

J——

ANAL (1), SENS(2) sOPT(3) s SHEEP(4) s NAP(S)
WRITE 192,394,353 OR 13¢183)¢

B S - ——

POLAR S-PARAKETERS IN S50.0 OnKX SYSTEN

'EE KIS U7 T S 812 22
(MAGN<SANBL) ( MAGNSANGL) ( MAGNCANGL) (MAONSANGL)
£ v;"w.o (1.00< =2)  0.06< =921 (0.064< -92) (1,00< =20 <23.817
- 3 - - - 3 - 1

fo +1%

48.0 (1.,00< 3> ¢ 0.03< 93) (0.031< 93) (2.00< I -

Figure E-7. Schematic and Computer Printout, Flauto-C Resonator
Foot Tuned at 59 MHz
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Meets Insertion Loss Specification

L FLTOR.DATA

oﬁmefﬂptﬁa IN S0 .63
U 00020 TRL BB SE.S50 90 88:756 - - oo -
00030 CAS AA BB : '
: 00040 PRC CC PA -32340 1
. . 00050 CAP DD PA 62,738 . - - _—
00060 SER CC DD
00070 CAS AA CC
; -.00080_TRL _EE_SE_50_90_ 88,756
» 00090 CAS AA EE
00100 TRF FF IN .63 S0

H ———J-hJiJ_‘__J—u“d4mw.

.D0110 CAS AA FF. _. ... . ____ ..
I 00120 PRI AA S1 50
00130 END
_00140 80 84.48 88 91,52 95_ —
; 00150 END i
d 00140 .001
_ I 00170 0 0 10 =.5 — . - —
P . 00180 END
READY
' _COMPACT FLTOR . _ _ . _ . _
l COMPACT MICROWAVE ANALYSIS PROGRAM (VERSION 2.3) 6/13/74 "
ANAL (1) ¢SENS(2) 0OPT(3) »SWEEP(4) ' MAP(S) R
I WRITE 1+2+3+4,5 OR 13(183)¢
?
I SR e e e —— -
POLAR S~PARAMETERS IN 50.0 OMM SYSTEM !
.. .. - e .- 5 i meen e e S ol
{ F §11 821 812 823 821
. MHZ (MABNCANGL) ( MAGNCANGL) ¢ MAGNCANGL) (MAGNCANGL) DB

80,0 (1.00< =4) ¢ 0.09< ~95) (0.089< =9%) (1,00< =4) 20,99
r""‘) 84.5 (0,98< -11) ¢ 0.20<-101) (0.197<-101) (0.98< -11) -14,11
f . 08,0 _(0.06< 3) ( 0.94< 179) (0.944< 179 _(Q.04<___3) __=D.50
fot4% 91.5 €(0.98< 11) ( 0.20< 101) (0.196< 101) (0.99< 33) -14.14
95.0 (0.99< S) ( 0.10< 93) (0.101< 935) (0.,99< S) -19,91.

L )
" A

Figure E-8. Schematic and Computer Printout, Flauto-C Resonator
Tuned to 88 MHZz
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|
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With Unitrode UM6200 Pin Diode parameters

P

COVBRSORIS . e .

00010 TRF AA IM 50 =63 -
00020 TRL BB SE 50 90 88.756 ' -
-00030 CAS AA BB - — S < ——
00040 PRC CC PA .13 18 .
00050 CAP DD PA 62.738

-00060 _SER .CC--DD : - y—rnee—
00070 CAS AA CC - SRR
00080 TRL EE SE S0 90 88.756 _ :
00090 CAS AA_EE - _ .

00100 TRF FF IM -.63 S0 ,
00110 CAS AA FF

00120 PRI AA S1.50___ ____ . _.__. . .. .
00130 END a N
00140 50 S6.64 S9 61.36 68

00150 END __ — —

00140 ,001 ‘
00170 0 0 10 -13.3

00180 END__ __ — ———
READY <
COMPACT FLTOR }
COMPACT MICROWAVE ANALYSIS PROGRAM (VERSION 2.3) 6/12/76 __

|
ANAL (1) »SENS(2)»OPT(3) »SUEEP(4) o MAP(T) __

WRITE 192+3+4+5 OR 13(183)3 - -
v _ .
4 o
POLAR S-PARAMETERS IN ~50.0 OHN S8YSTEM .
_F s11 821 ... 812 822 821 _
MHZ (MABNCANGL) ( MAGNCANGL)  ( MAGNSANGL) THAGNCANGLY DB -
_50.0 (1.00< =2) ( 0.06< -92) (0.064< =-92)_(1,00< _=-2) ~23.81 -~
$6.6 (0,97¢< -11) ( 0.21<-102) (0.214<~102) (0.97< -11) -13.39 )
59.0 (0.11< 1) ( 0.89<-179) (0,893<~179) (0.11< 1) =0.99 -
_ . 61.4 €0,97< _12)_( 0.20< 103) (0.201< 103)_(0.97< __312) -13,92

68.0 (1,00< ~ 3) ¢ 0,05< 93) (0.051<  93) (1.00< 3) 25091 7 -
|

Figure E-9. Schematic and Computer Printout, Flauto-C Resonator
Tuned to 59 MHz
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With Unitrode UM6200 Pin Diode parameters

AT R e —— i ——————r— 1o .

L FLTOR.DATA
FLTOR.DATA
00010 TRF AA_IM 50 -.63___ .. -
! 00020 TRL BB SE 50 90 88.756
3 00030 CAS AA BB )
00040 PRC CC_PA 500000.1 __ -
! 00050 CAP DD PA 62,738
00040 SER CC DD
00070 CAS. AACC__ ___ . _ . _
00080 TRL EE SE 50 90 88,756 ,
I 00090 CAS AA EE
, .00100 TRF. FF _IM =,43_50 .
] 00110 CAS AA FF
00120 PRI AA S1 50
00130 END  __ .. .. __ .
00140 80 84.48 98 91.52 95
§ 00130 END
' 00160 001  _ . e e ]
00170 0 0 10 -13.3
00180 END
_READY
COMPACT FLTOR
COMPACT MICROWAVE ANALYSIS PROGRAM (VERSION 2.3) &/12/76

ANAL (1) sSENS(2)»OPT(3) ySHEEP (4) s MAP(S)
WRITE 192,3+4»5_OR 13(¢(183):

Y T

anaLr ocRAn ¢ N ]

. ———

— — ———

ol

——

POLAR S-PARAMETERS IN _50.0 OMM BYSTEM _  _ |

F 811 821 812 822 S21
MHZ . (MAGNCANGL) ( MAGNKANGL) ( MAGNSANGL) (MAGNCANGL) ___DB |
!

0,09< ~94) (0.089< -94) (1.00< =-4) -20.98
10,20<=101) _(0.197<=101) . (Q,98< =11) =14,09|
1,00< 179) (0.996< 179) (0.01< 4a8) <=0.03
0.,20< 101) (0.197< 101) (0.98< 11) -14.12:
_o.xo.<_..95)_,«o.xox<,___z:;__¢o.2_9_<__,_,si, _=19.90’

80.0 (1.00< -4)
ea..84,3 (0,98< ~-11)
88.0 (0.01< 48)
?1.5 (0.98< 11)
__.95.0 (0.99¢C_ 5) .

-~

v

‘ Figureuﬁ-lo. Schematic and Computer Printout, Flauto-C Resonator
; ’ Tuned to 88 MHz
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-— With Unitrode UM6200 Pin Diode parameters

L FLTOR.DATA
FLTOR.DATA

00010 TRF AA IM 350 .63

00020 .TRL BB _SE .50.90 88.756. . __ - . ——
00030 CAS AA BB ’

T s i ot 2 A —— A ———.t i~

00040 PRC CC PA -.15 1
| .00050 .EAP DD _PA 361,189 .

_]
00060 SER CC DD i

F 00070 CAS AA CC
-00080 .TRL EE .SE 50..90.88.756
00090 CAS AA EE
00300 TRF FF IM .43 50
00110.CAS AA FF__ __ . _
00120 PRI AA S1 50
. 00130 END
| 00140 28 28,8 30_31,2 32 _ —
$ 00150 END : s
, 00140 .001 :
00170 0 0 10 =o5 . .. _____ .. . _.._. —
00180 END
READY i
COMPACT FLYOR. ___. .. _ . . . . oo, -
COMPACT WICROWAVE ANALYSIS PROGRANM (VERSION 2.3) 6/12/76
ANAL (1) »SENS(2) 1OPT(3) »SNEEP (4) rNAP(S)
WRITE 1,2:3+4»5 OR 13(183)¢
’ ..

Flameca L e et e cmmmm— e - ——— o o — —— 9

1
. POLAR S-PARAMETERS IN S0.0 OMM SYSTEM

‘ : .- . e o e e = ———a— )
“ F s11 821 812 822 $21
MHZ  (MAGN<ANGL) MAGNSANGL) ( MAGNCANGL) (MAGN<ANGL) b v

-~

0.214-102) (0,206<~-102) (0.97< =9) -13.71. -
0.31<~111) (0.333<-111) (0.92< ~15) ~10.08
0:.74<=177) (0.739<<177) £0.26<___3)__=2.63. -
31.2 (0,92¢ 1@ 0.28< 115) (0.284< 113) (0.92< 18) -10.93
32.0 €(0,.97< 12) 0.27< 104) (0:.574< 104) (0.97< 12) ~-15,18 --

28.0 (0,97¢ -9)
28.8 (0.92< -1%)
. 30.0 (0,26< ___1)

L e o el

Figure E-11. Schematic and Computer Printout, Flauto-C Resonator
2 Tuned to 30 MHz
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L FLTO

With Unitrode UM6200 Pin Diode Parameters

R.DATA

05518 tRE TR 10 S0

00020
00030
00040
-00030
' 00060
00070
-00080_
00090
00100

00120
00130

. 00140 B0 84.48 88_91.52 95 _ _. .

00150
00140
00170
00180
READY
_.COMPAC

COMPACT MICROWAVE ANALYSIS PROGRAM (VERSION 2.3) 6/12/76

ANAL (1) » SENS(2) »OPT (3) » SWEEP (4) r MAP(S)
WRITE 1¢2+30495 OR 13(183)¢

TRL. BB 8E 50 90 88.7356 - — : ——

CAS AA BB

PRC CC PA ~500000 1
CAP DD .PA.361.189 -

SER CC DD
CAS AA CC

TRL EE.SE .50.. 90 88,756

CAS AA E

E
TRF FF IM .63 50
~00130_CAS AA FF_

63

PRI AA 81 5O
END

END
«001

0020 =o5 o o e e

END
T FLTOR

F
nHZ
80.
.‘ L]

.. 088,
9?1.

POLAR S-PARAMETERS IN 30.0 OHM SYBTEM

811
(MAGN<ANGL )

0 (2.,00< =-4)
S (0.98< ~11)
0 (0.02< 78)
S (0.98< 11)

93.0 (0.99¢ B

Figure E-12.

L e e e e

e

. e mm———— ———

812 822 821
MAGNCANGL) ( MAGNCANGL) (MAONCANGL) DB

0.09< =94) (0.089< -94) (1.00< -4) -20.97]
0.20<-101) (0.198<-101) (0.98< ~11) -14.07
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0.20< 101) (0.196< 101) (0.98< 11) -14.14
0.10< 93) (0.101< 93> (0.99< 5) -19.91

Schematic and Computer Printout, Flauto-C Resonator

Tuned to 88 MHz. (30 MHz with Diode "ON")
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and therefore he was able to maintain a similar half-wave standing
wave pattern along the resonator throughout the tuning range. Thus,
his assumptions on the effect of each tuning capacitance followed a
simple formula. Also if the tuning capacitors have small values,
front to back symmetry of the resonator need not be maintained, but .
with larger values (such as those in Figures E-13 and E-14), this
symmetry must be maintained in order to provide for low insertion loss
at resonance,

A standard half-wave coaxial resonator has a second passband that
appears at the second harmonic; this problem was investigated for the
Flauto Filter. Figure E-15 shows that with the resonator tuned to 44
MHz, no second passband appears. This is due to the large value of
tuning capacitance (146.603 pF) that is used.

E.6 HELICAL RESONATOR RESULTS -

"COMPACT" runs were made for a Helical Resonator (with + 2%,
13.3 4B bandwidth). Two of these runs are shown in Figures E-16 and
E-17. As can be seen from Figure E-16, a low Rg is also required for

this resonator. However, the Helical Resonator is about half the size
i of the Flauto-C, and seems to present no apparent disadvantages for
; the frequency range considered (30-88 MHz), when compared to the
i Flauto-C. Also the Helical Resonator would have to be tuned with a

capacitance bus as would the Flauto~C for this large frequency range
required.

E.7 CONCLUSIONS e

It appears that the Helical Resonator with the capacitance bus is
the best method available to attempt to meet the resonator

bus are available to meet the Rs (on resistance) necessary for low

-
requirements. On the other hand, no PIN Diodes for the capacitance }
insertion loss at resonance and high-rejection off-resonance. !
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00010 TRF AA IN S0 -.43
00020 _TRL BB SE 50 _4S_88,756
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_00050 PRC DD PA_-.075 1
000460 SER CC DD
00070 CAS AA CC
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7 4 00100 CAP FF PA 62.738
[ 00110 PRC GG PA -.075 1
00120 SER FF GG
00130 CAS AA FF
00140 TRL HH B8E 50_45 88,756
“00150 CAS AA MM :
! 00160 TRF II IM -.A3 50
00170 CAS AA II
00180 PRI AA 81 S0
00190 END
' 00193 S4.84 61.36 - —— —
; 00200 S9 - : 1
: 00210 END ) ,
00220 . _ '
00230 0 0 10 -13.3
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_00240 END
READY
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Figure E-13. Schematic and Computer Printout, Flauto-C Resonator
with 2 Tuning Capacitors. Tuned to 59 MHz.
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L FLYO.DATA Meets insertion loss specification
FLTO.DATA

00010 TRF AA IM SO .43

00020 TRL BR SE 50 45 _88.756__
00030 CAS AA BB

00040 CAP CC PA 62,738

00050 PRC_DD PA ~46660 1 _
00060 SER CC DD

00070 CAS AA CC
00080 TRL EE_SE S50 90 88.754 .
00090 CAS AA EE ]
00100 CAP FF PA 62,738
.00110 PRC BG PA -46660.1 .
00120 SER FF GG i

00130 CAS AA FF

00140 TRL HH SE 50 A4S 88.756
“00150 TAS AA HH~
00160 TRF 11 IM .43 50
00170 CAS AA II
00180 PRI AA S1 30
00190 END

00193 84,48 88 91,52 & . __ .. - '
00210 END . ’ ’

b L

e e e e e @ S — . —nm——

00220 .1

00235 0 0 10 -.S
00240 END
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