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Abstract—The objective of this paper is to address the issues In [8], results were reported on the design of a prototype
related to the commercial viability of employing high-power model for an HTS noncontiguous output multiplexer. In this
high-temperature superconductor (HTS) filters and multiplexers paper, we present the layout and measured data of advanced

for communication satellites. Experimental results are presented HTS fi tout ltiol We al t th
for fully integrated contiguous HTS manifold-coupled output contiguous output muluplexers. We also present the re-

multiplexers. Both hybrid dielectric-resonator HTS filters as well ~ Sults of a novel high-power HTS thin-film filter employing the

as planar HTS filters are used to construct these multiplexers. split-resonator concept. With the use of split resonators, the res-
The paper provides a detailed analysis of the cooling load of gnator current becomes more evenly distributed, leading to a
HTS high-power multiplexers, and describes how it varies with  fiar strycture that exhibits an excellent power-handling capa-

the achievable filter @ and the type of I/O RF cables. It also | .. . . .
demonstrates the role that the I/O RF cables play in determining bility compared to what can be achieved using conventional

the cooling load of HTS subsystems. HTS thin-film designs.

Index Terms—High-temperature superconductors, microwave

filters, power filters, space application.
Il. DESIGN CONSIDERATIONS OFHIGH-POWER OUTPUT

MULTIPLEXERS
. INTRODUCTION

. The operating power of input and output multiplexers can
VER THE past four years, there has been a strong 'Oéry from one satellite to another. Typically, input multiplexers

terest among researchers to develop high—temperatureg E an :
. . . erate at very low power levels (milliwatts), while output mul-
perconductor (HTS) filters capable of handling high power. lr}’b‘lexers operéte a’?lO—lOO W (The type)of multipIeF;(ing ap-
deed, several papers have been published demonstrating theé%a

- . . ) ach is another key parameter that differentiates input and
sibility of building high-power HTS filters [1}-{5]. The next nat- output multiplexers. While the circulator-coupled approach is

ural step is to demonstrate the feasibility of using these filter dely used in input multiplexer applications, it is seldom used
tol constr#t IargilsubS);s(;err_]s S.UCh ashhlght;pomt/er oqtp::ln; the design of output multiplexers due to its relatively poor
plexers. The probiem of designing such SUbSystems 1S tWolgieq tjnn-joss performance. In [9], the measured performance
Firstly, the design of the HTS subsystem itself, and secondly t I circulator-coupled low-power superconductive input mul-

cryo-packaging and cryocooler integration of the SubsystemTrLiﬁIexer has been presented. This paper deals with the perfor-

This paper presents a detailed tradeoff analysis on packag 8nce and design considerations of high-power superconduc-
and cryocooler integration of HTS output multiplexers. Thﬁ

break-even point for mass, heatload, and dc power requiremerYt% output multiplexers.
are highlighted. Although the low-power HTS technology h he number of channels on the manifold can range from 3

been successfully deployed in commercial applications [6], [ I 12 (or higher), depending on the type of services the satel-

. ; . N . : is providing. A satellite payload can consist of more than
the discussions given in this paper outline the most importan : . :
. . one output multiplexer. Typically, the channel filters td+band
issues that which need to be addressed before one can

benefits of using high-power HTS technology in commerciglﬁ%l.ﬂ m_ult_ipl_exers are either four- or _five-pole 1% bandwidth
applications. quas!-elllptlc filters with two transmission zeros. Ir_1 cont_rast to
the circulator-coupled approach [9], where there is no interac-
tion between channel filters, channel interaction is quite strong
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currently available HTS materials. The manifold must then b
built using conventional technology.

In superconducting output multiplexers, passive intermodul:
tion (PIM) products could be generated from the inherent noi
linearity of the HTS materials and/or the manifold. Even thoug
the manifold is not made of HTS materials, any microcracks ¢
voids on the manifold can generate intermodulation product
For a typical communication satellite system, the level of an
intermodulation products produced by the transmit portion ¢
the satellite that fall within the satellite’s receive band has t
be at least 20 dB below the power of the received signal. Th
condition results in a carrier to PIM (C/I) requirement of any:
where from 140 to 200 dB depending upon the systemgaina ¢z
transmitter/receiver configuration. The feasibility of building =8
high-power hybrid dielectric resonator/high-temperature super-
conductor (DR/HTS) filters with a third-order intercept point ofi9- 1.  Detailed configuration of a four-pole hybrid DR/HTS filter.
more than 100 dB has been demonstrated in [1].

Multipaction and/or ionization breakdown is anothel
problem, which could limit the power-handling capability of S
the superconducting high-power multiplexer. Multipactior '
is an electron resonance phenomenon, which takes place
components operating in atmospheric pressure lower thah 10 2
torr. At atmospheric pressure higher than—tCtorr, multi-
paction cannot occur since ionization is the limiting breakdow
condition. However, for satellite output multiplexers, the
ionization is less common than multipaction breakdown, as
requires partial pressure conditions, which are unlikely to occi
in space.

Multipaction represents a possible payload failure mech:
nism for communication satellites since it can destroy RF con
ponents and/or significantly raise noise levels. If the superco
ductive channel filters are not properly designed, their powe
handling capability could in fact be limited by the multipaction

breakdown rather than by the inherent power-handling limit&ig. 2. Comparison between a four-channel  superconductive
tions of the HTS materials. manifold-coupled multiplexer and four-chann@l-band output multiplexer
built using conventional waveguide technology.

Ill. EXPERIMENTAL RESULTS ) ) ) )
temperatures, which helps to improve the insertion loss of the

A. Output Multiplexers Employing Hybrid DR/HTS Filters  filter. The advantages of such type of filter are as follows.

Fig. 1 illustrates a detailed configuration of a four-pole hy- 1) No etching is required for the HTS material. Etching is
brid DR/HTS filter. The filter consists of two dielectric res- known to reduce the power-handling capability of the
onators operating in image-type dual modes. The resonators HTS material and degrade its surface resistance.
are supported inside the filter housing using two blocks made 2) The filters can be easily tuned using conventional tuning
of low-loss low-dielectric-constant ceramic materials. The HTS  screws.
material is in the form of 0.5 inx 0.5 in wafers, which are  3) With the use of the state-of-art low-loss dielectric res-
diced from the standard 2-in wafers. The HTS plates are keptin  onators with high dielectric constant, such filters can be
contact with the dielectric resonators using springs and metallic  made smaller in size than their counterparts: high-power
plates bolted to the filter housing. Both the housing and ceramic ~ HTS thin-film filters.
blocks have holes to allow the filter to be tuned using standardThe major drawback of this filter is the mechanical design
metallic screws. A detailed description of this filter is given iromplexity: the filter must be thermally stable to ensure perfor-
[10]. A description of several eight-pole versions of this filter isnance repeatability as the temperature changes from cryogenic
also given in [10]. to room temperature (shipping or storage) and then back to cryo-

These filters have been proven to handle extremely higienic temperature (testing and operation).
power levels in the range 50-100 W [1], [8]. The insertion Fig. 2 illustrates the layouts of a four-channel superconduc-
loss of these filters is mainly determined by the loss tangeiite C-band output multiplexer and a similar conventional wave-
of the dielectric resonators and the ceramic blocks as wgllide output multiplexer. For the conventior@tband multi-
as the surface resistance of the HTS materials. Typicalplexer, both the channel filters and manifold are built using
the loss tangent of the dielectric material improves at lowéne waveguide technology. For the superconductive multiplexer,



MANSOUR et al: FEASIBILITY AND COMMERCIAL VIABILITY ISSUES FOR HIGH-POWER OUTPUT MULTIPLEXERS 1201

oy i MEG
REF 0.8 o o8
10.2 B

x
-\\
o]
Y
\\

-
7
o
i

3
T Jmprn ot

!

L ¥
CENTER  4.Q77000000 Gix Fig. 4. Layout of a six-channel superconductive manifold-coupled
SPAN Q. S0D00EO0E GHx multiplexer.
@)
[ |
L= oy MAG
REF @.02 o8
5.9 B

i L A RPL HER Gort. e 0P i —

l
- | ‘ 2‘\\ /J

! @)

EENTER 4, WPPONSNDD Gz
SPEN 1. DODEUO20R GHz

0 | %hmwmﬂﬂﬂ

Fig. 3. (a) Measured isolation performance of a four-chanfieband
superconductive manifold coupled multiplexer. (b) Measured return loss (b)

performance of a four-channel superconductive manfold-coupled mult|plex?_r.rg_ 5. Cross-sectional and current-density views of: (a) a solid microstrip line
and (b) a microstrip line with narrow slots.

the channel filters are hybrid DR/HTS filters, while the mani-
fold is realized using coaxial technology. The superconductiygoblems associated with the use of this type of resonators is
multiplexer occupies less than 5% of the volume of the wavehat the attainable spurious performance may not be satisfac-
guide multiplexer. The measured isolation and return-loss pesry in many applications [11]. Additionally, HTS filters built
formance of this multiplexer are given in Fig. 3. The multiplexelising TM,,, patch resonators are considerably larger in size
has been tested for high power; the channel filters were capaggnpared to conventional planar HTS thin-film filter designs.
of handling 50 W while meeting all RF performance specifica- Using a larger resonator size is a natural choice to lower the
tions of C-band output multiplexers. A layout of a six-channeturrent density and, hence, increase the power-handling capa-
version of this multiplexer is given in Fig. 4. bility of the resonators. However, the increase of resonator size
has its limitations, i.e., the resonant mode along the resonator
width direction may become too close to the desired resonator
mode, which, in turn, degrades the filter spurious performance.
The current density is a critical parameter in designingig. 5 shows a cross-sectional view of a conventional microstrip
high-power thin-film HTS filters. Over the past two yearsline and sliced microstrip lines. A schematic view of their cur-
several papers were reported [2]—-[4] suggesting the use of Hiedt distribution is also illustrated on the same figure. Conven-
patch-type resonators operatingB4y; modes. One of the tional microstrip lines have high current concentration close to

B. Output Multiplexers Employing Planar Thin-Film HTS
Filters
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Fig. 6. Schematic microstrip filter using split resonator and inserted lines I/
coupling structures.

the outer edges. However, by using the split-resonator concep.,

shown in Fig. 5(b), the current redistributes itself such that the @)
current density at outer edges is reduced while that at the inr
edges is increased.

Fig. 6 shows a two-pole filter using the proposed design. Ea
resonator consists of two (or more) parallel pieces separated
gaps. Full-wave EM simulation [12] has shown that the resona
frequency of the split resonator is very close to that of a simil:
solid resonator. However, with the use of split resonators, v
can reduce the peak current density at the outer edges so-
the overall power-handling capability of the resonator can t
improved. There is another important advantage of applying t .
split-resonator concept. With the same total resonator width, t
resonant frequency corresponding to the width of the resonat
i.e., the mode orthogonal to the desired operating mode, can
moved much higher. In other words, a much wider resonator ¢
now be used without the potential interference of the unwant
orthogonal mode.

Fig. 7(a) illustrates the layout of a two-pole conventional soli
resonator with T-shaped I/O coupling, while Fig. 7(b) illustrate
the layout of split resonator with inserted 1/0O coupling structure
Having split-type resonators allows extending the microstrip I/i
lines into the resonator. A wide range of coupling values can L.
realized by adjusting the gapwidth and inserted line length (b)

L. The parameter§ and L are defined in Fig. 6. In contrast tOFig. 7. Layout of the two-pole Chebyshev microstrip filter: (a) using
the T-shaped coupling structure, shown in Fig. 7(a), the new | onventional solid resonator and T-shaped I/O coupling structure and (b) using
structure can be just a straight line with no high-current concetfit resonator and inserted-line 1/O coupling structure.

tration spots due to discontinuities. The current plot density for

the two filters is given in Fig. 8. It can be seen that the split res-

onator and inserted I/O lines have attracted more current towargbact on the? of the resonators, which are completely made
the center of the resonator. The current distributes more eveolyt of HTS films. The filter was designed for 1% bandwidth on
over the resonator cross section. a 20-mil-thick LaAIlQ; substrate. The resonator dimensions are

Fig. 9(a) shows a layout of a three-pole filter employing ouapproximately 300 mikk 600 mil. Note that the effective res-
new proposed design. The simulated current distribution is alepator width is approximately twice the resonator length. The
given in Fig. 9(b). In order to further improve the power-haninserted I/O coupling line is simply an extension of the{30-
dling capability of the filter, gold films were deposited on thdeed line. The filter shown in Fig. 9(a), with gold films deposited
high current spots of the input and output lines. It should be meon 1/O lines, has been tested for high power and has been shown
tioned that the gold films deposited on the I/O lines have a littte handle 35 W.
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Fig. 9. (a) Layout and (b) current density plot of a three-pole filter using split
resonator and inserted I/O coupling structure.

Fig. 8. Current density plots: (a) of the two-pole filter shown in Fig. 4(a) anc
(b) of the two-pole filter shown in Fig. 4(b).

Fig. 10 illustrates the layout of a four-channel HTS outpu
multiplexer in comparison with that of a four-channel conven:
tional waveguide multiplexer. The measured RF performance
this HTS multiplexer is shown in Fig. 11. The planar HTS fil-
ters used in this multiplexer are five-pole 1% bandwidth havin
quasi-elliptic function. Fig. 12 illustrates the filter layout. Al-
though this filter has a relatively large resonator size, it was c:
pable of only handling 7 W when it was tested under high powe .

in an LN2 Dewar. Th filters were onl t monstr
a ewa ese filters were only used to demons a%. 10. Layout of a four-channel HTS output multiplexer employing planar

the feaSibi"tY_ of desig_ning manif0|d'coupled multiplexers USingTS filters in comparison of a four-channel waveguide output multiplexer.
planar HTS filters. With the use of the high-power planar split-

resonator filters similar to that shown in Fig. 10, the power'haﬂhprovement can translate into improvement in satellite ef-

dling capability can be extende.d to 30 .W' . fective isotropic radiated power (EIRP) or reduction in the dc
Al th'e H.TS films used to build the flltgrs and multlplexgr ower required for the power amplifiers. However, the mass
_shown in Figs. 2, 8, 9, and 11 were supplied by DuPont, Wil enalty of the cryocooler and associated electronic controller
ington, DE. may overshadow any advantages gained with the use of HTS
technology. In contrast to input multiplexers, superconductive
output multiplexers typically have a considerably high heat
The potential advantages of using HTS technology in thead. Today’'s space-qualified cryocoolers that are capable of
design of output multiplexers are mass and volume reductidealing with such heat loads are bulky and extremely heavy in
as well as insertion-loss improvement. The insertion-logsass. In this section, we present a detailed tradeoff analysis for

V. COOLING LOAD OF HTS QUTPUT MULTIPLEXERS
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o log MG be dissipated in the form of heat, which, in turn, could increase

R e the cooling power demand to a level that is significantly high
for current cooling technology. This concern is especially crit-
[ ; \f f \ f ical for multiplexers with a large number of channels.
U There have been recently reports on the possibility of building
\ /m HTS resonators with extremely high unload@dvalues in the

-l ¢ range of 100 000’s. Although such highvalues can be poten-
/ \/ W\ \ tially achieved for single resonators, it is extremely difficult to
rd e { !

P | ﬁé/ N

\ N achieve such high values for an integrated HTS filter that re-
i Kl ’ quires the use of tuning elements. The insertion loss of the filter
is not only determined by the surface resistance of the HTS ma-
terials and the loss tangent of the dielectric substrate, but also by
the package configuration and the type of tuning elements used.
N The use of tuning elements is considered a must to meet the
T stringent performance typically required for output multiplexer
applications. It should be mentioned that although waveguide
STERT ' STOR technology has been known for more than two decades, tuning
3. 8000 Gz 4, BSADATELB GHz . . . . . . .
screws are still being used in designing waveguide multiplexers.
Therefore, it is important that one takes into consideration the
Fig. 11. Measured RF performance of the HTS multiplexer shown in Fig. 1tmpact of the tuning screws in estimating ttyeof the filter,
which, in turn, would have a considerable impact on the heat
dissipation.
Conventional waveguide output filters typically operate over
a wide temperature range-20 °C, 100°C). The unloaded)
of the waveguide filter at 100C could degrade considerably.

A typical C-band four-pole waveguide output filter with a 1%

i bandwidth can have an insertion loss as high as 0.25 dB at 100
°C. The HTS filters described in Section Il exhibited an inser-
tion loss of 0.125 dB, which corresponds to an unloa@edf
15000.
In the tradeoff analysis given in Section IV, we will consider
@ values for HTS filters in the range of 15000-100000. The
T objective is to demonstrate that even if one achievé3 af
100 000, there are still other issues that need to be addressed be-
fore using HTS filters for high-power applications. Namely, the
availability of highly efficient cryocoolers as well as the avail-
ability of low-loss high-power thermally isolated RF transitions.
Fig. 12. Layout of the HTS filter used to build the four-channel multiplexefrhase transitions are required to replace the traditional RF ca-
shown in Fig. 10. . . .
bles, which have a considerably high heat load.

output multiplexers. The objective is to highlight the issues that

need to be addressed before output multiplexers are considé?ed"ealt Dissipation of I/O Cables

for space applications. For optimum use in HTS high-power applications, the RF I/O
The cooling load of superconductive high-power multiplexersables must satisfy the following three conditions.
is mainly determined by the following: 1) The RF cables must have low insertion loss to reduce
1) heat dissipation inside the channel filters; heat dissipation.
2) heat load of the I/O cables; 2) The RF cables must provide low conduction heat load.
3) heat leaks through support structure and radiation. 3) The RF cables must be capable of handling high power.

The heat leaks through support structure and radiationyt s difficult to find a commercially available RF cable that
through multilayer insulator (MLI) blanketing are typicallycan reasonably meet the above three conditions. For example,
small compared to the overall heat load. In this paper, we WHhving a cable with low conduction heat load requires the use of
focus on the heat load generated in the channel filters and @mall diameter cable. On the other hand, small diameter cables

RF cables. typically have a high insertion loss and may not be able to handle
o , i high RF power. A detailed analysis of heat load of coaxial RF
A. Heat Dissipation Inside the Channel Filters cables is given in [13]. For a 4-GHz input power of 25 W, a

In designing superconductive output multiplexers for satellittb-cm 0.085 stainless-steel cable would have a total heat load
applications, the insertion loss of the HTS filter is a critical pasf approximately 1.3 W due to both heat dissipation and heat
rameter. As the filter insertion loss increases, more power widbnduction. Such a heat load is considered high especially for
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TABLE |
ASSUMPTIONSUSED IN THE TRADEOFFANALYSIS FORHTS QUTPUT MULTIPLEXERS

PARAMTER ASSUMPTION
Channel Filters 4-Pole, 1% bandwidth
Insertion Loss of Conventional filter + manifold (Lc) 0.25dB
Achievable HTS filter insertion loss (Ls) Calculated based on an achievable HTS filter Q of

15,000, 25,000, 50,000 and 100,000

Insertion loss of manifold and connectors in the HTS

multiplexer (Lm) 0.03 dB
Attenuation of input/output thermally isolated RF
transitions (Lt) 0.0, 0.002 and 0.005 dB/cm
Input RF power per channel for conventional
technology (Pin) 10 - 50 Watts
Cryo-cooler efficiency 15:1
Efficiency of power amplifiers (1) 40 %

systems, which use a large number of I/O RF cables. Itis evidetiannels and RF input power. The analysis is based on the

that there is a need to develop thermally isolated low-loss REsumptions given in Table I. The reduction in amplifier

transitions. dc power per channelH,) due to the improvement in filter
insertion loss is given by

V. DC POWER REQUIREMENTS Py =(1/7) - Pu- <1 _ (10(LCL5LmLt)/1o)>_ 1)

The dc power required for the cryocooler is proportional to
the cooling load, which the cryocooler has to handle. The typ-The dissipation per channel for the HTS technology is given
ical cryocooler efficiency, for a cold temperature of 77 K and
rejection temperature of 300 K, is 15: 1. This means that 15 W
of dc power is required for each 1 W of cooling load. The cry- o —(Le—Ls—Lm—Lt)/10
ocooler dc power could be offset by the potential saving in tﬁ-éeat dissipation/channet F - 10
dc power generated in the following two areas. . (1 - 10‘<L5+Lm+”)/10) 2)

1) Amplifier dc power The typical channel insertion loss
(filter and manifold) of conventionaC-band wave- wherelLc, Ls, Lm, andLt are defined in Table I.
guide multiplexers is 0.25 dB. The use of HTS tech- In view of the assumptions given in Table | and with the use
nology can potentially achieve a saving of 0.1-0.2 dBf (1) and (2), Table Il provides the heat load versus achievable
in the insertion loss (based on the achievable HTS filtéitter insertion loss and RF input power. All the numbers given
Q). Such a saving in the insertion loss translates inia this table are for one channel. It should be also noted that
less RF amplifier power, which, in turn, translates int@able Il does notinclude the heat dissipation in the 1/0O thermally
less amplifier dc power. isolated RF transitions.

2) Heater dc powerConventional waveguide outputmul- |t can be seen from Table Il that the potential saving in
tiplexers use heaters in order to minimize the frequenel¢ power disappears as the input RF power increases. For an
drift with temperature. The objective of these heateiaput power of 50 W, the required cryocooler power exceeds
is to ensure that the multiplexer temperature is withithe saving in amplifier and heater dc power even with the
the designed temperature range in the case when sogggumption of a zero heat load for the I/O RF transition and an
of the channels are in the backoff mode. A dc poweichievable HTS filtep of 100 000.
of 2 W per channel is typically required for heaters on For reliability reasons, two cryocoolers and two electronic
such systems. The use of HTS technology could elirgontrollers are assumed, reflecting a conservative approach. The
inate the need to use these heaters, which represantsss of the cryocooler is proportional to the cooling load, which
another area of potential savings in mass and dc powgfe cryocooler needs to handle. Table Il gives the mass of the

state-of-the art space qualified cryocooler versus cooling power
at 77 K [14].
V1. 1SSUES FORREALIZING HIGH-POWER HTS MULTIPLEXERS Table IV illustrates the overall tradeoff analysis versus
number of channels assuming an input RF power of 20 W and
In this section, we present a detailed analysis of maaa achievable filter insertion loss of 0.038 dB (i.e., an achiev-
penalty/saving and dc power requirement versus number aifle ) of 50 000). In order to demonstrate the significance of
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TABLE I
REQUIRED CRYOCOOLERDC POWER FORDIFFERENTVALUES OF HTS CHANNEL INSERTIONLOSSASSUMING THAT THE I/O RF TRANSITIONS HAVE A ZERO
RF LOSS AND ZERO HEAT LOAD

Filter Insertion Heat Cryo-cooler Total reduction in dc power per channel,
Loss dissipation per | dc power per | calculated using Eq (1) and by assuming a heater dc
HTS channel channel power of 2 watts/channel
Pin = 10 Watts
0.125 dB (Q=15.000) 034 W SIW 254 W
0.075 dB (Q=25,000) 023 W 345W 282 W
0.038 dB (Q=50,000) 0.15W 225W 302 W
0,02 dB (Q=100,000) 011 W 165 W 32w
Pin = 20 Watts
0.125 dB (Q=15,000) 0.69 W 1035 W 308 W
0.075 dB (Q=25,000) 0.45 W 6OW 364 W
0.038 dB (Q=50,000) 029 W 435 W 405 W
10.02 dB (Q=100,000) 022 W 333W 425 W
Pin = 50 Watts
0.125 aB (Q=15,000) L7LW 3565 W 4T W
0.075 dB (Q=25.000) 115w 17.25W 1w
0.038 dB (Q=50,000) 0.74W 11w TI5W
0.02 dB (Q=100,000) 055 W 835 W 7.62W
TABLE 1lI
MASS OF THESTATE-OF-THE-ART SPACE QUALIFIED CRYOCOOLERVERSUSCOOLING POWER AT 77 K
Cryo-cooler Mass of Space-qualified Mass of Electronic Controller
Cooling Power at Cryo-cooler
77K
Up to 4 Watts 1.25 kg 2 kg
Up to 10 Watts Skg 4 kg
Up to 30 Watts 12 kg Skg
TABLE IV

MASS AND HEAT LOAD OF HTS QUTPUT MULTIPLEXERS ASSUMING AN INPUT POWER OF20 W AND A CHANNEL INSERTIONLOSS OF0.038 dB (i.e. AN
ACHIEVABLE FILTER @ OF 50 000AT C'-BAND)

Number of Mass of Mass of Total Heat Mass of 2 Mass Saving / DC Power Saving /
Channels Conventiona HTS Mux Load [Eq. (4)] Coolers & Penalty Penalty
1 Mux including Electronics {Eq. (3)] [Eq. (5)]
Packaging (Table IIT)
Case I: RF Transition Thermal Conductivity = 0.0 watt. cm, attenuation = 0.0 dB/cm
6 4.5kg 0.96 kg 1.74 W 6.5 kg (2.96) kg (1.8) W
24 18 kg 3.84 kg 6.96 W 16 kg (1.84) kg (1.2) W
40 30kg 6.40 kg 11.6 W 34 kg (104) kg (12)W
80 60 kg 12.8 kg 23.2W 34 kg 13.2 kg QHW
Case II: RF Transition Thermal Conductivity = 1.7 watt. cm, attenuation = 0.005 dB/cm,
input /output cable lengths = 5 cm each
6 4.5 kg 0.96 kg 6.5 W 16 kg (124) kg (T4 W
24 18 kg 3.84 kg 26.1W 34 kg (19.8) kg (299) W
40 30 kg 6.40 kg 43.5 W - - (499) W
80 60 kg 12.8 kg 87.0W - - (998) W
Case III: RF Transition Thermal Conductivity = 0.6 watt. cm, attenuation = 0.002 dB/cm,
input /output cable lengths = 5 cm each
6 4.5 kg 0.96 kg 375W 6.5 kg (2.96) kg (33)W
24 18 kg 3.84 kg 15.0W 34 kg (19.8) kg (133) W
40 30 kg 6.40 kg 250W 34 kg (10.4) kg 221) W
80 60 kg 12.8 kg 500 W - - (443) W

the heat load problem of the 1/O cables, we consider in Table fase

the following three cases. Assume that the 1/O cables are 5-cm-long 0.141—diameter

stainless-steel cables with a thermal conductivity of 1.73M
and an attenuation of 0.005 dB/cm at 77 K.

Case | Case Il

Assume the availability of 1/O RF transitions with a heat

A hypothetical case, where the RF cables were assumeddad of 60 mW and an attenuation of 0.02 dB (i.e., an effective
have negligible heats load, i.e., the heat load is only due to disermal conductivity of 0.6 W cm and an effective attenua-

sipation in the RF channels. tion of 0.002 dB/cm). To our knowledge, no such RF transitions
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exist commercially at the present time. The total mass savimgultiplexers for commercial applications is the development of
total heat load, and dc power savings shown in Table IV are calhighly efficient cryogenic environment in the spacecraft.

culated as follows:

The tradeoffs given in this paper for the use of high-power

HTS equipment assume current spacecraft configuration and

Mass saving= Mass of Waveguide Mux
— Mass of HTS Mux

the available HTS materials. Any reduction in the temperature
environment for HTS equipment via passive cooling or other
means can provide a large reduction in mass and power required

— Mass of two (coolers + elect.) (3) for active cryocoolers. The same advantage will result if new

Total heat load= Heat dissipation in HTS filter
+ Heat load of RF I/O cables
4)
Total dc power saving= Saving in amplifier dc
+ power Saving in heater dc power
— Cryocooler dc power (5)

HTS materials can be found with higH&r. Assuming such ad-
vances can provide an acceptable tradeoff for the required cryo-
genics, one can conceive of HTS-based communications pay-
loads, including low-power receive sections as well as high-
power output circuits. At lower frequencies, such@sand
satellite systems, HTS could provide large savings in the mass
and volume of payload equipment. At higher frequencies, the

performance advantages can be enormousAoband satel-

lites,

IRP and a 2-dB improvement i¥/7". Such an advantage
QRuld have a significant impact on the commercial viability of
‘;bher frequency satellites.

The data given in Table IV indicates that, for a 24-chann

(i.e., Case ll) can translate to a dc power penalty of 299 W. It R
be also observed that the use of HTS technology will translat
to a mass penalty for the 24-channel output multiplexer even if
one assumes that the filters have unloa@eaf 50 000 and that

the use of HTS technology could provide a 1 dB higher
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thermally isolated transitions (i.e., Case lll), the use of HTS
technology for 20 W/channel systems will lead to a dc power
penalty rather than a dc power saving. 1]

VII. CONCLUSIONS

This paper has demonstrated the feasibility of designingl2l
a high-temperature superconductive manifold-coupled con-
tiguous-type multiplexer that is capable of handling the power 3]
requirements of conventional-band satellite systems. This
paper has also presented a novel configuration for an HT%4
planar filter that is capable of handling extremely high power
levels. Despite the tuning complexity of planar thin-film filters,
this paper has demonstrated the successful integration of planzi?]
HTS thin-film filters on a coaxial manifold to build output
multiplexers. (6]

A detailed tradeoff analysis has been presented on the use
of HTS technology for high-power multiplexers f@r-band 7
satellite systems. It is concluded that in view of the current
cryocooler technology and spacecraft ambient environment forg
electronic hardware, the only clear advantage of using the HTS
technology for a typical high-power multiplexer (50-200 W
24-36 channels) is size reduction. However, the size reductioﬁgl
advantage may be overshadowed by the mass and dc power
penalties associated with the use of the cryocooler.

For systems that have large number of channels and operate[%'ﬁJ
relatively low RF power (i.e., 5-10 W with more than 80 chan-
nels), in addition to size reduction, the use of HTS technology!]
can also lead to mass reduction. However, in order to achieve
these advantages, there is a need to develop low-loss thermaliy]
isolated RF transitions. The development of such transitions i3]
as important as the development of hi@rHTS filters. The key
issue, however, for successful implementation of HTS outpufi4]

REFERENCES

R. Mansour, B. Jolley, S. Ye, F. S. Thomson, and V. Dokas, “On the
power handling capability of high-temperature superconductive filters,”
IEEE Trans. Microwave Theory Techiol. 44, pp. 1322-1338, July
1996.

Z.Y. Shenet al, “Power handling capability improvement of high-tem-
perature superconducting microwave circuit&EE Trans. Appl. Su-
perconduct.vol. 7, pp. 2446—2453, June 1997.

G. Muller et al,, “Double-sided YBCO films for planar high power fil-
ters,” IEEE Trans. Appl. Superconductol. 7, pp. 1287-1294, June
1997.

] E. I. de Obaldiaet al, “Thin film superconducting filters for PCS

transmit applications,” ilAppl. Superconduct. ConfRittsburgh, PA,
1996.

S. Ye and R. R. Mansour, “A novel split-resonator high power HTS
planar filter,” in IEEE MTT-S Int. Microwave Symp. Djgl997, pp.
299-302.

G. C. Liang, “Applications of superconducting and cryo-electronics in
wireless communications,” presented at the 1996 IEEE MTT-S Role of
Superconduct. Technol. in Wireless Commun. Syst. Workshop.

R. B. Hammond, “HTS receiver filters for cellular/PCS base stations,”
presented at the 1996 IEEE MTT-S Role of Superconduct. Technol. in
Wireless Commun. Syst. Workshop.

] R. R. Mansour, B. Jolley, V. Dokas, S. Ye, and F. Thomson, “Design of

high power superconductive output multiplexers, 1THEE MTT-S Int.
Microwave Symp. Dig1996, pp. 1485-1488.

R. R. Mansour, V. Dokas, G. Thomson, W. C. Tang, and C. M. Kudsia,
“A C-band superconductive input multiplexer for communication satel-
lites,” IEEE Trans. Microwave Theory Techvol. 42, pp. 2472-2478,
Dec. 1994.

R. R. Mansour and V. Dokas, “Miniaturized dielectric resonator films
and method of operation thereof at cryogenic temperatures,” U.S. Patent
#5498 771, Mar. 1996.

G. Dinzeoet al, “Method of analysis and filtering properties of mi-
crowave planar networksJEEE Trans. Microwave Theory Teglvol.
MTT-26, pp. 462—471, July 1978.

Em User’'s Manual, Release 53onnet Software, Liverpool, NY, 1997.

G. Kutsukoet al, “Development of pulse tube cryo-coolers for HTS
satellite communications,” presented at the 1998 10th Int. Cryocooler
Conf.

B. William, “Lockheed Martin-ATC,” unpublished.



1208 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 7, JULY 2000

Raafat R. Mansour (S’84—M’'86—-SM’90) was born
in Cairo, Egypt, on March 31, 1955. He received
the B.Sc. (with honors) and M.Sc. degrees frol
Ain Shams University, Cairo, Egypt, in 1977 and
1981, respectively, and the Ph.D. degree from th
University of Waterloo, Waterloo, Ont., Canada, in
1986, all in electrical engineering.

In 1981, he was a Research Fellow at the Labg
ratoire d’Electromagnetisme, Institut National Poly-|
technique, Grenoble, Grenoble, France. From 198
to 1986, he was a Research and Teaching Assistan

Bill Jolley was born September 4, 1967, in Toronto,
Ont., Canada. He received the B.S. degree (with
honors) in electronics engineering technology from
the DeVry Institute of Technology, Columbus, OH,

in 1992,

Since joining COM DEYV Ltd., Cambridge, Ont.,
Canada, in 1993, he has been involved in the develop-
ment of high-temperature superconductor microwave
devices for space applications. His experience in the
HTS field encompasses devices that employ hybrid
dielectric resonator and thin-film technology for both

with the Department of Electrical Engineering, University of Waterloo. He thelnigh- and low-power microwave applications.

joined COM DEV Ltd., Cambridge, Ont., Canada, where he held several tech-
nical and management positions in the Corporate Research and Development
Department, and, in 1998, was promoted to Scientist. In January 2000, he joined
the Electrical and Computer Engineering Department, University of Waterloo,
as Professor. He holds several patents related to microwave filter design|”
satellite applications, and he has authored or co-authored numerous pape
the area of electromagnetic modeling and high-temperature superconductiy
His current research interests include superconductive technology, microe|
tromechanical system (MEMS) technology, and computer-aided design (CA
of RF circuits for wireless and satellite applications.

Shen Ye(S’88-M'92) was born in Shanghai, China.
He received the B.Eng. and M.Eng. degrees from

Canada, in 1991, all in electrical engineering. applications.

of Electrical Engineering, Shanghai University of (AIAA).
Technology. In 1991, joined Optimization Systems
Associates Inc., Dundas, Ont., Canada. He imple-
mented microstrip components for the CAD package
0sa90/hope. He developed Empipe, which connects an electromagnetic-field
solver to 0sa90/hope. In 1993, he joined COM DEV Ltd., Cambridge, On
Canada, where he is currently a Principle Member of Technical Staff. -
current work includes RF MEMS and microwave thin-film circuit design; ir
particular, high-temperature superconductive thin-film filter and multiplexe
design. He has also developed various application-specific CAD programs.
Dr. Ye was the recipient of a 1991 Industrial Research Fellowship presen
by the Natural Sciences and Engineering Research Council of Canada.

Van Dokas was born August 25, 1959, in Florina,

ment of superconducting filters and multiplexers for(CFISU).

Wai-Cheung Tang(SM’'94) was born in Hong Kong,
on November 20, 1953. He received the B.Sc. and
M.Sc. degrees in electrical engineering from the Uni-
versity of Waterloo, Waterloo, Ont., Canada, in 1980
and 1984, respectively.

In 1980, he joined COM DEV Ltd., Cambridge,
Ont.,, Canada, as a Microwave Engineer. Since
then, he has progressed through various technical
and management positions, including Director of
Satellite Communication Products, Director of
Research and Development, and Vice President

the Shanghai University of Technology, Shanghaiof Engineering, and is currently Vice President of Corporate Research and
China, in 1982 and 1984, respectively, and the Ph.[Development. He holds 13 patents and has authored or co-authored numerous
degree from McMaster University, Hamilton, Ont., papers in the field of microwave filters and multiplexing networks for satellite

From 1984 to 1986, he was with the Department Mr. Tang is an Associate Fellow of the American Institute of Aeronautics

Chandra M. Kudsia (S'78-M'78-SM’'93-F'00)
received the B.Sc. degree in physics from Delhi
University, Delhi, India, in 1961, the B.Eng. degree
from the Indian Institute of Science, Bangalore,
India, in 1964, the M.Eng. degree in electrical
engineering from McMaster University, Hamilton,
Ont., Canada, in 1966, and the Ph.D. degree in
electrical engineering from Concordia University,
Montreal, P.Q., Canada, in 1979.

From 1967 to 1976, he was with RCA Limited,
Montreal, P.Q., Canada, where he was involved with

Greece. He received the B.S. degree in electronidbe design and implementation of microwave filters and multiplexing networks
engineering technology from Conestoga Collegefor communications satellites and earth stations. In 1976, he joined COM DEV
Kitchener, Ont., Canada. Ltd., Cambridge, Ont., Canada. He has served as Principal Engineer, Vice-Pres-
In 1982, he joined Com Dev. Ltd., Cambridge,ident, and is currently Chief Scientist. His responsibilities include overseeing
Ont., Canada, where he was involved in the deecompany wide research and development activities, participation in the plan-
velopment of microwave systems and multiplexersiing of long-term business development, and serving on numerous national and
for communication satellites. Since 1992, he ha#ternational advisory committees. He is currently on the Board of Directors
been with the Corporate Research and Developmenf CITO, GUARD Inc.—a publicly traded company to commercialize univer-
Group, where he has been involved in the developsity research, and the Canadian Foundation for International Space University

space and ground based wireless applications. He holds six patents related Br. Kudsiais a Fellow of the American Institute of Aeronautics and Astronau-
HTS and conventional microwave filter design and has authored or co-authotied (AIAA) and the Engineering Institute of Canada (EIC). In 1998, he received
several papers in the area of high-temperature superconductivity. the A. G. L. McNaughton Award and Medal, presented by the IEEE.



