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Abstract—This paper presents a recent investigation of a high-

than 0.3 dB both from the antenna to receiver ports over a receive
band of 1770-1785 MHz and from the transmitter to antenna ports
over a transmit band of 1805—-1880 MHz. The isolation between the
transmitter and receiver was measured to be greater than 35 dB.
Good measured results were also obtained for the encapsulated du-
plexer with the maximum insertion loss of 1.15 dB, the additional
loss being due to the microstrip feed lines across the vacuum space,
and the minimum isolation of about 30 dB.

temperature superconducting (HTS) duplexer for cellular base- Amrlmrn‘ma ,‘3:&2{5,:2
station applications. The duplexer consists of two HTS hybrids and
two HTS bandstop filters. The principle and design of the duplexer T _——
are described. The components of the duplexer were fabricated in- Tower-mounted unit :
dividually using double-sided YB& Cuz Oz (YBCO) thin films on HTS Duplexer |
LaAlO ; (LAO) substrates. The substrate size for each of the hy- |
brids was 0.5 x 22.5 x 15.5 mm, while each of the bandstop fil- I i
ters had a substrate size of 0.5¢< 13x 38 mm. Experiments were TS HTs I
performed both with a test housing in a liquid-nitrogen cooler at Bandpass Bandpass |
¢ { ) Filters Filters :
in a vacuum cooler at 55 K. The measured insertion loss was less "
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Index Terms—Cellular base-station, HTS filters, mobile commu-
nication, superconducting duplexer.

I. INTRODUCTION Fig. 1. Typical base-station sector using HTS subsystem.
ERSONAL mobile communication requirements are

~ placing increasing demands on existing technologiehese improvements may provide the opportunity for a real
H|gh-temp(_arature superconductivity (HTS) is a new _teCfébmmerciaI breakthrough for HTS devices.
nology, which offers enhanced performance together with the|, this paper, we report on the recent investigation of the
possibilities for novel miniature architectures and functior@esign, fabrication, and performance of a high-temperature su-
[1]-[6]. Present mobile (cellular) communications systeMserconducting duplexer. This is one of the components neces-
are narrow-band voice systems, and advanced voice-codigy for constructing a tower-mounted transceiver for cellular
and cell-splitting techniques make it possible to provide Byse-station application. A typical system is shown in Fig. 1.
large number of speech channels even in congested urh@je HTS-based transceiver is for the DCS1800 standard, which
areas. Although existing semiconductor technology can copgyers a receive (Rx) band from 1710 to 1785 MHz, and a
with the present grovvth of these channels,. there is .ammfﬁnsmit (Tx) band from 1805 to 1880 MHz. The function of
room for improvements in the areas of the size reduction gfe duplexer is twofold: 1) to route the received signal from
subsystems, the power consumption of handheld terminajge antenna to the receiver channel filter that covers a 15-MHz
and the sensitivity and channel separation in base-statiog$p-pand of the Rx band and 2) to route the high-power Tx

signal from the Tx filter to the antenna. In the latter case, this
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Fig. 2. Schematic diagram of the proposed duplexer

stands for “superconducting systems for communications,” and a b a b
1 3 1 3

it is funded through the Advanced Communications Technolo-
gies and Services (ACTS) Program. More details of the project

can be found in [7], [8]. ‘ j
| "
[l. DUPLEXER PRINCIPLE . 4 2 Ll 4
The proposed duplexer consists of tw@-dB hybrids and ba a b?

two bandstop filters, connected as in Fig. 2. Assume that port

1 of the hyb“dA is the Tx port, ports 2 and 3 of the hyerj Fig. 3. Tandem coupler formed by cascading two ideal directional couplers
are then the Rx and antenna ports, respectively. The operation
principle of the duplexer may be described as follows.

For our purpose, let us assume that the hybrids are ideal, [1:
which are represented by a scattering matrix

0 —j1/V2Z -1/V2 0
5] —j1/V/2 0 0 -1/V2
Tz o 0 —j1/V2
0 -1/vV2 —j1/V2 0
Consider the hybridB on the right-hand side of Fig. 2. Its
ports 1 and 4 can be looked as terminated by the two loads with [43
reflection coefficients of’; andI's, which, as a matter of fact,

?‘re the reflection coeficients of the two bandstop filters, re.Spel—clé. 4. Layout of HTS hybrid using tandem couplers on an LAO substrate.
tively. It can be shown that the resultant two-port network is de-

1)

scribed by

Loy L4y 0 h

|:b2B B 2 4 1 2 1 4 asp ( ) 5 _mxrAA.A.A—-;:A ::A::A::__,...._._..,,.w.v..ﬁ.._,._.mv.m...._ 160
bsg] | J 1 a3p = fheensansaa, - 140
%(Fl +1'y) §(F1 —Iy) g -10 feseenaal )
by -120 5
. . ) § — 1Sqql 18341 o phase of Syy _g”
whereq andb denote the incident and reflected wave variable £ 154 __ ¢ | R o phase of § 100 3
o S 21 —= 15441 31 e
If Iy = I'y = I', the transmission from the antenna portto th & | gg 2
receiver port is given by 20 190000606, *

-25 _Mm— ”

bop . °e000q. 49

SAntennafo = — = JF (3)
asp -30 T : T 20
1700 1750 1800 1850 1900

It is now clear that ifI"| = 1, the received signal at the antenni
port will be diverted into the receiver port without any loss
The first condition forl’; = I'y requires two identical band-
stop filters, while the second condition faf| = 1 requires the

bandstop filters to have not only high rejection at the Rx band _ ) N )
frequencies, but also very low loss in the reflected signal. TH¥1ase shifters with a phase constar.df a transmitting signal

necessities the use of a superconductor because of its low d&Rresented by, 4 inputs at the transmitter port, it can be shown
ductor loss, particularly if the circuits are to be miniaturized. that

Next, let us assume that the bandstop filters have no attenua- ban
tion at the Tx band so that they may be treated as the two ideal T Rx = 4

Frequency (MHz)

Fig. 5. Full-wave simulation of the HTS hybrid on an LAO substrate.

(S21 - So1 4 Soq - S31) - e77°
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Fig. 6. Distributed parameter bandstop filter using three open-loop resonators.

b h
STx—Antenna = ag—é = (S31-S21 4+ S34-S31)-¢ 70 (4) 0 [ ] Y 0
. t=11omm [\ [/}
Substituting the5-parameters of the ideal hybrid from (1) to (4) NEH
gives gL Il l’ WAl g
. 2 3
STX*RX =0 STfontenna = 6_](0_77/2)- (5) 2 J'u"i[ = é
3 = ‘
Therefore, the signal from the transmitter port is totally diverted & - §
to the antenna port, and there is an ideal isolation between the
transmitter and receiver ports. One might notice that, to arrive at
(5), the phasé is not necessary to be a constant over the entire -5 -100
1700 1800 1900
Tx band. Frequoncy (MHE)
lll. DUPLEXER DESIGN @
As a starting point for the design, an LAO substrate witharel-  © T 1 X 1Y 0
ative dielectric constant of 23.4 was chosen in order to reduce [=115mm \ I/\
the size of the duplexer module for encapsulation with the other ISR
components in the tower-mounted unit of Fig. 1. In considering & T [TV7 % &
the required overall power handling (12 W) of the Tx channel, ; 1 |lv' g %
it was also decided to design and fabricate HTS hybrids. Since -g inl T
there are no resonant elements at the Tx band, the power-han- % H— 5
dling capability of the transmission line is more than adequate. =
The design of the HTS hybrid and bandstop filter are described
below.
-50 100
. 1700 1800 1900
A. Hybrids Frequency (MHz)
The simplest-3-dB hybrid would be the branch-line coupler (b)

.[9]_.[1:."]' However’ it provides Very little design margin due t%i . 7. Full-wave simulated frequency response of the HTS bandstop filter on
its limited bandwidth. Therefore, it was chosen to use tandqrRg sybstrate. (af, = 11.0 mm. (b)Z = 11.5 mm.

couplers [12]. A tandem arrangement of two coupled line direc-
tional couplers in Fig. 4 results in a wider bandwidth, which can
improve the overall performance of the duplexer. Besides, the
tandem coupler has a smaller size. The tandem connection en
tails two line crossings, which may be realized using bond-wire
bridges. The operation principle of the tandem coupler is de-
scribed as referring to Fig. 3, whesieandb represent the inci-
dent and reflected wave variables, respectively. It can be shown
that the transmissions from port 1 to ports8d 4 are given by

by _p 2 g = P o (6) e A
a1 a1 S A TR R e g 1 g

wherec andt denote the scaled coupling and transmission coef-
ficients. One can notice that there is always fase difference Fig. 8. Fabricated HTS duplexer in a test housing.

53/1 =
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B oo U TR e P TABLE |
‘3 LR 8 T SUMMARY OF MEASURED PERFORMANCE OF THEDUPLEXER IN THE TEST
e N aa W ! ] HousING (T' = 80 K)
(o; - R A Sl \ },’" -\ foe ;
| i A | L FREQUENCY 1770 - 1785 MHz | 1805 - 1880 MHz
ot B R e 1 A i L (Rx-Band) (Tx-Band)
i ] ‘\i:z
s Antenna-Receiver Loss <03dB
= T k] Transmitter-Antenna Loss <0.3dB
A2 Transmitter-Receiver Isolation | >43 dB >35dB
Antenna Port Return Loss >27dB >26dB
et S Receiver Port Return Loss >25dB
Y oD G- PR Transmitter Port Return Loss >28dB
(@)
i log MAG [ S50 log MaG
REF -20.0 B REF ~20.@ 3
e . TABLE I
= me Y g‘; : SUMMARY OF MEASURED PERFORMANCE OF ADUPLEXER IN THE RF
c N RN S SRR CONNECTORRING (T=55 K)
\ / {
o i '5 f |
// L2l é f ot FREQUENCY 1770 - 1785 MHz 1805 - 1880 MHz
A | { {
: En | é ; ¥ 0 S (Rx-Band) (Tx-Band)
— 17 ; 2 Antenna-Receiver Loss <1.13dB
A ' o ;... » Transmitter-Antenna Loss <1.15dB
Transmitter-Receiver Isolation | >35.0dB >29.9 dB
i
i : Antenna Port Return Loss >15.0dB >15.0dB
{ ] H
| | e Receiver Port Return Loss >14.4dB
START STOP
AL e i SRnn. Rt Transmitter Port Return Loss >15.0dB
(b)

Fig. 9. Measured performance of the HTS bandstop filter. (a) Before tuning.
(b) After tuning. B. Bandstop Filters

The specifications for the required bandstop filters are as fol-
between the two outputs regardless of their magnitudes. TjRg/s:

equal magnitude of the two outputs can be achieved by usingtopband frequencies 1770-1785 MHz;
the condition minimum stopband attenuation 20 dB;
1 passband frequencies 1805-1880 MHz;
=2t == ) passband ripple 0.1 dB.
V2 These specifications can be met with a three-pole Chebyshev
Solving the equations yields bandstop filter. Its low-pass prototype has the element values

¢ =0.3827 = —8.34 dB. (8) ) o ]
The design of the distributed parameter bandstop filter started

Hence, what is needed for-3-dB tandem coupler is to designWith the normalized reactance slope parameters [14]
a pair of—8.34-dB directional couplers. For quarter-wavelength fo

coupled microstrip line realization, the design equations are T =z 90 - Jo

T g0 g1 Afaas 0 g2 Afsa (11)

where fj is the center frequency of the bandstop filter and
+c 1—c
Zoe = Zo ZOOIZowl_i_c 9)

A f3gp is the 3-dB rejection bandwidth. The 3-dB bandwidth
of each resonator connected across a uniform transmission line
whereZ,, andZ,, are the even- and odd-mode impedarige. ©f normalized characteristic impedance equalie= go = g1,

is the matching impedance at the ports, and is equal te 50Vich is terminated at both ends, is then given by
in our design. The design of the HTS hybrid on an LAO sub- o fo
strate was done with the aid of a full-wave electromagnetic (EM) Afi=Afs= oo = o
simulator [13]. Fig. 4 depicts the layout of the hybrid for the ! 2
full-wave EM simulation, where the arrows indicate the line We used three open-loop resonators, which are coupled to a
crossings. The simulated frequency response is shown in Fig58-2 microstrip line, as shown in Fig. 6. The coupling spacing

1
1

Afa (12)
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as denoted by. was approximately a quarter-wavelength. The
full-wave simulation of the whole filter response is depicted in
Fig. 7(a). It should be remarked that the return loss of the filter
shows an asymmetric frequency response. Although a more
symmetric response could be achieved by slightly increasing
the inter-resonator separatidn as shown in Fig. 7(b), the
asymmetric one would rather be desirable in regard of a lower
return loss at the Tx band.

IV. EXPERIMENTS WITH A TESTHOUSING

Shown in Fig. 8 is the photograph of the fabricated HTS
duplexer in a test housing. The superconducting hybrids and
bandstop filters were fabricated using a double-sided YBCO
thin-film HTS material on 0.5-mm-thick LAO substrates. As
can be seen, the two hybrids and the two bandstop filters are on
the separated substrates. Each of the hybrids had a circuit size
of 15.5x 22.5 mm, while the size of each bandstop filter was
Fig. 11. Three similarly fabricated HTS duplexers assembled in an R?Fs x 13 mm. They were mounted on gold-plated titanium car-
connector ring for encapsulation. riers using conductive silver epoxy, and then the carriers were

fixed into the test housing by screws. Bond wires were used for
for each resonator to the 5@-ine was determined using theinterconnections.
full-wave simulation [13] to obtain the required 3-dB band- To verify the EM design, one of the HTS bandstop filters
width, as given in (12). The separation between the resonatamas tested by replacing the hybrids with the@@ansmission
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Fig. 12. Measured performance of an HTS duplexer in the encapsulated RF connector ring at a tempeféiture 665K. (a) Antenna—receiver. (b)
Transmitter—antenna. (c) Transmitter—receiver.

lines before testing the whole duplexer. The hybrids were algood match was also obtained at all ports. A summary of the
tested by replacing the bandstop filters by similar{blines. measurement performance is given in Table I.
The bandstop filter was measured at a temperature of 80 K in arfThe above test results were obtained at the Rx power level
open-bath liquid-nitrogen cooler. Fig. 9 shows the measured f{@-dBm). The operational transmitter output power is typically
quency responses before and after tuning. Without any tunidg, W. However, tests conducted at the highest power available
the measured filter performance showed a good agreement wtittus (8 W) showed an increase in insertion loss between the
the simulated response in Fig. 8(a), except for the center fteansmitter to antenna ports of about 0.45 dB.
quency. The tuning was aimed to shift the center frequency and
to keep the return loss down t620 dB over the entire Tx band.
Over the rejection band, the rejectiash() was greater than 25 V. DUPLEXER'ENCAPSULATION ASSEMBLY
dB, while the loss of the rejected signals,; {) was less than
0.3 dB, which included the I/O contact loss. The asymmetrical Shown in Fig. 11 is a photograph of three similarly fabri-
frequency response ¢f;; also achieved keeping the low returrcated HTS duplexers assembled in an RF connector ring for
loss over the Tx band. encapsulation [8]. Conventionally the cryogenic/RF intercon-
The test of the HTS duplexer in the test housing was carrieéction across the encapsulation vacuum space is accomplished
out using the same experimental setup. Fig. 10 shows the mesing high thermal resistance lossy coaxial cables. In this de-
sured performance of the HTS duplexer at 80 K after tuningign, a microstrip feed network and a novel RF/thermal link
It should be mentioned that the bandstop filters were slightlyere used to achieve a low conduction heat load. The RF signals
tuned. As can be seen, an excellent performance was achieegd. propagated from the ambient temperature side to the cold
The insertion loss from the antenna to Rx ports was less thside through short thin bond wires. The whole RF connector
0.3 dB over the desired Rx sub-band (15 MHz). The insertiging with a tuning lid was cooled down to a temperature of 55
loss from the Tx port to antenna port was also less than 0.3 #Bn a vacuum cooler. The measurements were taken at ports of
across the whole Tx band (75 MHz). The isolation between thige RF connector ring. Fig. 12 shows a set of typical measured
Tx and Rx ports was larger than 35 dB over the Tx band. A vergsults, and Table Il summarizes the measured performance. In
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We have presented recent investigations carried out on
an HTS duplexer for cellular base-station applications. The
duplexer consists of two HTS hybrids and two HTS bandstc
filters. The principle and design of the duplexer have bes
described. The design has been performed with the aid o
full-wave EM simulator. The components of the duplexer hay
been fabricated using double-sided YBCO thin films on LAC
substrates. The substrate sizes for each of the HTS hybrids
each of the HTS bandstop filters are 0:5622.5 x 15.5 mm , ou |
and 0.5x 13x 38 mm, respectively. We have conducted thes o rdoate Cﬁ;"g]buenr'%?tggslgéfer,lsgg%":gee bgf(?é?g
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