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'Osservatorio Astronomico di Cagliari, Selargius, Italy, *Dipartimento di Ingegneria Elettrica ed Elettronica, University of
Cagliari, Cagliari, Italy, >*Agenzia Spaziale Italiana, Rome, Italy

Abstract A 180° hybrid and a directional coupler to be employed in the P-band cryogenic receiver of the
Sardinia Radio Telescope are proposed in this work. An in-depth study of the issues related to the use of
microwave components for cryogenic radio astronomy receivers is carried out to select the best suited
technology and configuration. As a result, a planar fractal 180° hybrid configuration available in the literature
has been optimized aiming to increase the operating bandwidth in order to comply with the design
specifications of the application at hand. A coupled line directional coupler with weak coupling and high
isolation, used to calibrate the receiver chain, is cascaded to the 180° hybrid and realized in the same layout.
The final device, consisting of the 180° hybrid and the directional coupler, has been manufactured and tested
at the cryogenic temperature of 20 K, showing a good agreement between experimental results and
predicted performance.

1. Introduction

The 180° hybrid is a key component for microwave circuits and systems. It is used to divide a RF signal into
two equal amplitude and out-of-phase outputs. Several structures are available in the literature and employ
different technologies and configurations, as waveguide or planar structures. Waveguide hybrids, as the
magic T junction [Pozar, 2012], [Wang and Zaki, 1996] or the Y junction [Kerr, 2001], have excellent perfor-
mances and low losses. On the other hand, planar hybrids are usually fabricated in microstrip or coplanar
waveguide technology, as the standard rat-race hybrid [Pozar, 2012]. Although the planar configurations
have a worst performance in terms of insertion loss and phase imbalance compared to waveguide struc-
tures, they allow to achieve a wider bandwidth with a smaller dimension and weight. Nevertheless, one
of the main limitation of planar structures, especially at lower frequencies, is still the large surface area
occupied by these components.

As a matter of fact, based on the particular application at hand, the design of a microwave system often
requires to comply with different and sometimes conflicting specifications, and this means that in the
design of each device of the system, some of the output parameters are constrained, and other para-
meters should be properly optimized. In this context, the electromagnetic parameters of interest for a
180° hybrid are the amplitude imbalance, the phase imbalance, the return loss, and the isolation.
However, other aspects should be taken into account, as the reliability, the dimension, and the weight
of the component.

In this paper we present a 180° hybrid and a directional coupler to be employed in a high-performance
cryogenic receiver of the Sardinia Radio Telescope (SRT) [Bolli et al., 2015], operating between 300 MHz
and 410 MHz (31% relative bandwidth within the P band). In particular, the orthomode transducer for
the SRT P-band receiver is based on an orthomode junction (OMJ) and on two identical 180° hybrids, which
are topic of this paper. The OMJ separates the RF signal from the P-band feed horn in two linear polariza-
tions, each one split into two out-of-phase signals (four outputs), and the two 180° hybrids are used to
recombine the out-of-phase signals. A directional coupler is cascaded to each of the two 180° hybrids in
order to calibrate the receiver chain by injecting a noise source and a weak coherent comb signal in the
RF signal. Then, the through line is connected in front of the low-noise amplifier (LNA).

In order to reduce thermal noise, the components of the radio-astronomical receivers of SRT, including the
180° hybrids and directional couplers, will be arranged inside a cryostat at the temperature of 20 K
[Valente et al., 2014; Valente et al., 2015]. The design of the cryostat used for the P-band receiver of SRT is
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constrained by the limited space available in the direction of the optical axis inside the focal cabin of the radio
telescope, thus requiring a very compact design of all the components of the receiver chain.

It can be easily understood that the above radio astronomy application requires that the 180° hybrids and the
directional couplers have very specific features. In particular, they should be very compact, due to the limited
space available inside the cryostat. Moreover, the P-band receiver is mounted at about 70 m from the ground
in the primary focus position of SRT, and it can be reached for maintenance only using a crane. Therefore, all
the components of the receiver operating at cryogenic temperature should also be very light and reliable,
since they are subjected to several refrigeration cycles and then, to high thermal stress.

As regard the electromagnetic behavior, the impedance mismatch along the receiver chain should be
reduced as possible, since it causes an increase of the system noise temperature and then reduces the
sensitivity of the receiver [Pozar, 2012]. Therefore, a high return loss over the operating bandwidth
(>20 dB in our case) is required at the 180° hybrid input ports.

The above considerations lead to the choice of a simple planar microstrip technology for the realization of the
180° hybrids and directional couplers. A standard coupled line configuration, aimed to maximize directivity, is
adopted for the directional coupler, whereas several planar compact configurations of 180° hybrid available
in the literature have been tested, seeking for a good candidate to comply with the specifications of the
P-band receiver. We left out from our investigation the 180° hybrids including air bridges, via holes, and/or
lumped components [Okabe et al., 2004; Mo et al., 2007; Yang et al., 2010], since they are difficult to design
at cryogenic temperatures. As a matter of fact, these configurations employ different materials (for metalliza-
tion, soldering, air-bridges, and via holes) and the connection between different metallic parts is not reliable
when the temperature is lowered at 20 K, due to the different thermal contraction of the different materials
used (copper, gold, conductive glue, and so on). We also do not consider the 180° hybrids based on the
coupled line technology [as Napijalo, 2012; Simion and Bartolucci, 2014; Liu et al., 2014], since, along with
being quite intricate (sometimes including also air-bridges and/or via holes), they usually have higher inser-
tion losses and are therefore not suitable to be used in high-performance radio astronomy receivers.

As a consequence, only simply and fully planar configurations have been investigated over the frequency
band of interest. In particular, using Ansys HFSS we have analyzed the compact 180° hybrids proposed by
Settaluri et al. [2000], Chuang [2005], and Eccleston [2003] and the fractal second-iteration Moore rat-race
coupler (SMRRC) proposed by Ghali and Moselhy [2004], which seem particularly promising for our applica-
tion. Unfortunately, from HFSS simulated results, we have found that all these solutions do not comply with
the specifications of the P-band receiver, mainly for the return loss and amplitude imbalance. However, we
also noticed that the SMRRC of Ghali provides a simple and very compact configuration, with the best perfor-
mance in terms of amplitude imbalance over the analyzed configurations. Therefore, the latter configuration
has been selected as the starting point for our design. An optimized configuration of the SMRRC is then
proposed in this work. In particular, a suitable modification of the characteristic impedances of the lines
between the input ports has been carried out, aiming to increase the operating bandwidth to comply with
all the requirements of the P-band radio astronomy receiver. The cascaded directional coupler, with a low
coupling factor and a high directivity, is integrated within the same PCB of the 180° hybrid to save space
inside the cryostat.

A prototype of the complete component, including both the 180° hybrid and the directional coupler con-
nected together, has been manufactured in the microwave laboratory of the Cagliari Astronomy
Observatory and tested at 20 K, showing a very good agreement with the design specifications.

2. Design and Optimization of the Fractal 180° Hybrid Power Divider

The 180° hybrid has been designed on a substrate of Arlon AD1000 of thickness 3.2258 mm, with a dielectric
permittivity of 10.9 at room temperature (300 K). The dielectric loss tangent is less than 0.0015 at 410 MHz,
and the thickness of the metallization is 17 um. A number of configurations available in the literature, simple
and fully planar, and therefore best suited for implementation at cryogenic temperature, have been analyzed
using Ansys HFSS, and the results are reported in Table 1. However, these hybrids do not comply with the
required specifications over the operating band (300 MHz-410 MHz): they all have a high amplitude
imbalance the Settaluri et al.'s [2000] and Chuang's [2005] configurations have low return loss; and the
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Table 1. Comparison Between Different Configurations of 180° Hybrids (HFSS Simulated Results) Over the Frequency
Range 300 MHz-410 MHz

Reflection Amplitude Imbalance Phase Imbalance Planar Dimension
Design Specifications < —20dB 0.5 dB 180° + 10° <100 x 100 mm?
Settaluri < —15dB 1.45 dB 180° + 11° 115x 110 mm2
Chuang < —16dB 1.20 dB 180° £ 11° 135 x 70 mm?
Eccleston < -19dB 1.20 dB 180° £ 10° 170 x 70 mm?
Ghali < —18dB 1.0dB 180° + 11° 100 x 100 mm?
Optimized < —20dB 05 dB 180° £ 10° 100 x 100 mm?

Settaluri’s, Chuang’s, and Eccleston’s [2003] hybrids are also slightly too large. After all, the Ghali and Moselhy’s
[2004] configuration seems the best one. Therefore, it has been selected and then optimized aiming to comply
with all the specifications of the P-band radio astronomy receiver of SRT (see the first row of Table 1).

Hence, the standard SMRRC proposed by Ghali is considered as the starting point for our design. It employs
70.7 Q microstrip lines, bended according to the Moore fractal theory of the second order. Using the selected
substrate, the width of the lines is 1.17 mm. The HFSS model of this component is shown in Figure 1a.

At this point, the Ghali’s configuration needs to be improved to enhance the operating bandwidth according
to the design specifications. However, the fractal hybrid is nothing but a standard rat-race hybrid with the
lines meandered according to the second-iteration Moore fractal and so it has the same electromagnetic
performance of the standard hybrid. Therefore, in order to reach our design goal, we first decided to inves-
tigate a strategy to improve the operating bandwidth of the standard rat-race hybrid (Figure 1b). Then, the
optimized hybrid has been implemented as a fractal one, to cope with the size requirements (Table 1).

It is well known that the bandwidth of a lossless network is inversely proportional to the electromagnetic
energy stored in the network itself [Foster, 1924; Fano, 1947; Nedlin, 1989]. In a transmission line circuit, the
stored energy depends both on the electrical lengths of the lines and on their characteristic impedances.
Since the electrical lengths of the four lines between the ports of the rat-race hybrid are constrained, we
decided to modify their impedances with the goal of reducing the overall stored electromagnetic energy
in order to increase the bandwidth. Then, let Z; be the characteristic impedance of the line between ports
3-1; Z, be the impedance of the lines between ports 1-2, and between ports 4-3; and Z; be the impedance
of the line between ports 2-4 (Figure 1b). In order to find the values of Z;, Z,, and Z3 needed to get the
required bandwidth, a random optimization procedure with respect to the variables Z, Z,, and Zs has been
performed using Keysight Technologies Advanced Design System (ADS), based on a simple transmission line
model of the hybrid (Figure 2), with the constraint that Z;, Z,, and Z3 can lie in a range of +10% around the
theoretical value of 70.7 Q. The goals of this optimization were a return loss larger than 20 dB at all the ports,

Port 3 Port 1 Port 2

LU

Port 4
Port 2

(2) (b)

Figure 1. (a) Fractal second-iteration Moore rat-race coupler proposed by Ghali. (b) Standard rat-race hybrid with modified
impedances.
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an amplitude imbalance less than 0.5 dB, and a phase imbalance between 170° and 190° over the required
bandwidth. The optimization converged to Z; = 63.9 Q, 7, = 65.4 Q, and Z; = 74.8 Q and the resulting simu-
lated (ADS) scattering parameters of the hybrid are reported in Figure 2, fulfilling the required performance.

Based on the above results, we have modified also the impedances of the four lines between the ports of the
Ghali’s fractal hybrid, using the values optimized by ADS (Figure 3a). The width of the lines, their physical
lengths, and all the 90° bends have been computed using the design formulas of Wadel [1991]. Then, the
resulting structure has been simulated with Ansys HFSS to assess its performance and confirm the
requested bandwidth.

The Ansys HFSS simulated results of both the standard 180° hybrid coupler (Figure 1a) and the optimized
configuration (Figure 3a) are shown in Figure 4 (reflection coefficients S5, S44 and transmission coefficients
S21, S24), and in Figure 5 (phase imbalance for the A port), and are summarized in Table 1. The optimized
component provides a larger bandwidth than the standard SMRRC for both the reflection coefficient (the
—20 dB bandwidth improves from 28% to 34%) and the amplitude imbalance (the 0.5 dB bandwidth
improves from 24% to 32%), and it satisfies all the design specifications within the operating frequency of
the SRT P-band receiver (Table 1).

Port 3 Port 1

Port 4
Port 2

(a) (b)

Figure 3. (a) HFSS model of the optimized fractal second-iteration Moore rat-race coupler (Z; = 63.9 Q, Z, = 65.4 Q, and
Z3 =748 Q; W, = 1.55 mm, W, = 1.46 mm, and W3 = 0.99). (b) Prototype of the optimized hybrid.
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SF — S11 [dB] - Standard SMRRC A prototype of the optimized 180°
—- 344 [dB] - Standard SMRRC hybrid has been realized in the labora-
F .10 —- S11 [dB] -Opl}m}zed SMRRC . K
5 — S44 |dB] - Optimized SMRRC tories of the Astronomical Observatory
E - of Cagliari (Figure 3b) and tested at
§ room temperature (300 K) in order to
assess the improvements of the opti-
mized hybrid over the standard SMRRC
_3%1() 230 250 270 290 310 330 350 370 390 410 430 450 470 490 COnﬁgUratiOn. COmpariSOnS between
F; y [MH: .
, requency [MHz] HFSS simulated results and measure-
— $21 - Standard SMRRC ments are shown in Figure 6, with an
-1 —- S24 - Standard SMRRC
B . $21 - Optimised SMRRC excellent agreement.
g -2 — S24 - Optimized SMRRC
= 3. Cryogenic Design of the
< Fractal 180° Hybrid and
s Directional Coupler
'6290 300 310 320 330 340 350 360 370 380 390 400 410 420 The simple and fuIIy planar fractal

Froquoncy [MEz] hybrid configuration, designed and

Figure 4. Simulated (HFSS) scattering parameters of the standard SMRRC experimentally tested in the previous
and of the optimized 180° hybrid proposed in this paper. section at room temperature (300 K),
has a very compact size and has demon-
strated an excellent electromagnetic
performance, making it suitable to be employed in the P-band cryogenic receiver of the Sardinia Radio
Telescope. A directional coupler has been inserted in the through line of the 180° hybrid, within the same PCB
(i.e., cascaded to port 2 of the 180° hybrid), in order to inject a noise source in the RF signal (see Figure 7). The
choice of embedding the 180° hybrid and the directional coupler in the same layout brings several advan-
tages: minimizes the losses in front of the LNA (which is directly connected to output of the directional
coupler), since there are no connectors or cables between the hybrid and the directional coupler; reduces
the dimension occupied by these two components inside the cryostat; and reduces the production cost.

The resulting component has six ports, and it is shown in Figure 7. The two out-of-phase signals from the OMJ
feed ports 1 and 4, respectively, and port 2 provide the recombined signal for the selected polarization,
added to the noise signal injected from port 6. For the required application, ports 3 and 5 will be terminated
in matched loads.

In section 2 we have designed the 180° hybrid power divider at room temperature (300 K). This design cannot
be reused at cryogenic temperature because, at the temperature of 20 K, both the mechanical and the
electrical properties of the Arlon AD1000 substrate are different. In particular, the main consequences of
the temperature reduction are the modification of the dielectric permittivity and the contraction of the mate-
rial. However, as a first approximation, we can assume to take into account both these effects leaving unmo-
dified the substrate thickness, and using an “equivalent” value of the dielectric permittivity. In order to
evaluate the equivalent dielectric permittivity to be used for the design at 20 K we have measured, at this
temperature, the scattering parameters of a through microstrip line of fixed width and length, and, by com-
parison with the Ansys HFSS simulated

195 results, we have derived an equivalent

— Standard SMRCC . ) .
190| — Optimized SMRCC dielectric permittivity of 12.5.

In conclusion, the directional coupler
operating at 20 K must be designed
using a substrate of thickness
3.2258 mm and dielectric permittivity
12.5, whereas the 180° hybrid should
300 310 320 330 340 350 360 370 380 390 400 410 be redesigned by using a dielectric per-

Frequency [MHz] mittivity of 12.5 instead of 10.9 (which

Figure 5. Simulated (HFSS) phase imbalance of the standard SMRRC and is the value at 300 K). The new design
of the optimized 180° hybrid proposed in this paper. of the 180° hybrid has been

Phase Imbalance [°]
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Figure 6. Simulated (HFSS) and measured frequency response of the optimized 180° hybrid in Figure 3.

performed by using the same characteristic impedances derived for the design at room temperature
(namely Z; = 639 Q, Z, = 654 Q, and Z3 = 74.8 Q), and the physical lengths of the lines have been
properly scaled keeping the same electrical lengths of the initial design. The simulated results are
virtually the same as provided by the design at room temperature with return loss below —20 dB,
amplitude imbalance of 0.5 dB, and phase imbalance of 180° + 10° in the operating frequency band.

3.1. Design of the Directional Coupler

The directional coupler is used to calibrate the receiver chain by injecting a noise source and a weak coherent
comb signal in the RF signal. Therefore, it should provide a weak coupling C (namely, —26 dB in our case) at
the center frequency and a directivity D larger than 20 dB over the operating frequency band. This perfor-
mance has been achieved by using a coupled microstrip line directional coupler with small electrical length
¥ < < 1.In fact, due to the small coupling region, such a configuration does not require to compensate for
the different phase velocities of the coupled line modes and provides a high isolation without the need of
intricate solutions (as the addition of capacitive elements or nonplanar components) [iwer, 1980; Kim et al.,
2004; Dydyk, 1999]. The well-known design equations for a coupled line microstrip directional coupler
[Pozar, 2012] can be approximated, for 4 < <1, as

1, 1 1
SnzZ/sen ﬂ[(Ze—Z—e)Jr(ZO—Z—o)} (M

Figure 7. (left) Prototype of the fractal 180° hybrid and directional coupler and (right) photo of the component installed in
the receiver.
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Figure 8. Geometry of standard microstrip coupled line directional 4 Ze Zo
coupler. (3)

wherein Z, and Z, are the normalized

even and odd characteristic impe-
dances of the coupled line section. Now if we let Z,Z, =1+ ¢ with d < < 1, as required for a coupled line sec-
tion with good input matching at all the ports, we obtain

1
Sit zzjé(ze +Z,)sen & 4
1,
Sngjz(ze —Z,)sen ¢ (5)
1,
541zzj(5(29 —2Z,)sen ¥ (6)
C = S3 (7)
S31
D=_— (8)
Sar

Since 0 < < 1, (8) provides a high directivity D, as expected.

Let us consider the coupled line directional coupler shown in Figure 8: W is the width of the coupled micro-
strip lines, L¢ is the length of the lines, and S¢ is the spacing between them.

For the sake of simplicity we set W = Wso, Wso being the width of a 50 Q isolated microstrip line using the
Arlon AD1000 substrate, 3.2258 mm thick, with an equivalent value of the dielectric permittivity of 12.5, as
characterized for operation at the temperature of 20 K. At this point, we can fix S¢, which determines Z,
and Z, [Wadel, 1991] and, using (5), we can compute L to obtain the required —26 dB coupling. Then, if
we choose S¢ = 1.35 mm, which corresponds to Z, = 1.26 and Z, = 0.72 (i.e., = 0.093), we derive 9=10.15°
(i.e., Lc = 8.45 mm). In this case (4) gives S1; = —41 dB and (6) gives S4; = —52 dB. As predicted, a coupled line

B ———
35| |11
o —- 831
= — 841
o | ——d ] e e
B s —F e S
=
]
<
-55
-65
Wso 290 300 310 320 330 340 350 360 370 380 390 400 410 420
s =
Frequency [MH:
Port 2 ‘ quency [MHz]
(@) (b)

Figure 9. Geometry and simulated (Ansys HFSS) scattering parameters of the directional coupler. The spacing D34 =18 mm
between ports 3 and 4 and the bend toward port 2 are constrained by the housing of the component inside the cryostat.
The other geometrical parameters are Wsg = 2.43 mm, L34 = 7.5 mm, and L = L34 + Wy = 9.93 mm.
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T S11 [Simulated] — S22 [Simulated] — S44 [Simulated] directional coupler with small electrical
-10 ** SLI [Measured] < 522 [Measured] =5 S44 [Measured] length can be used to achieve weak cou-
pling, high return loss, and a directivity
larger than 20 dB, as required by our
radio astronomy application.

Amplitute [dB]

The position of the ports of the direc-

tional coupler to be employed in the

%00 320 340 360 380 400 P-band cryogenic receiver of SRT is dic-

Frequency [MHz] tated by the housing of the component

Figure 10. Reflection coefficients (S17, S22, and S44) for the device in inside the cryostat (Figure 7). As a result

Figure 7. of this constraint the configuration

shown in Figure 9a is adopted. Strictly

speaking, the design equation (5) cannot be used to design this component since it does not account for

the 90° bends at the ports 3 and 4. However, we can set the spacing S equal to Sc and equation (5) can be used

as afirst approximation, leading to L = L. Then, the directional coupler of Figure 9a with S = S¢ (=1.35 mm) and

L=Lc(=8.45 mm) has been simulated using Ansys HFSS, and we have found that the coupling Ss; at the center

frequency is —28 dB. In order to achieve the required coupling of —26 dB, L should be increased (5),and, using a
simple HFSS parametric sweep, we have found the final value of L, which is equal to 9.93 mm.

The simulated scattering parameters |Sq4], |S31], and |S44| of the designed directional coupler in Figure 9a are
reported in Figure 9b, whereas the simulated insertion loss |S,| is between 0.037 dB and 0.051 dB over the
operating frequencies (300-410 MHz). As required, the simulated coupling coefficient at the center frequency
of 355 MHz is —26 dB and the simulated directivity is larger than 30 dB.

3.2. Test of the Full Device at Cryogenic Temperature

The directional coupler proposed in section 3.1 is cascaded to the optimized fractal hybrid presented in
section 2, which has been suitably rescaled, based on the properties of the Arlon AD1000 substrate at the
temperature of 20 K. The resulting device is shown in Figure 7. This component has been realized in the
laboratories of the Astronomical Observatory of Cagliari and tested at cryogenic temperature (20 K).

In Figure 10 the reflection at ports 1, 2,
and 4 is reported, in Figure 11 the trans-
2 mission coefficients S,; and S,4 and the

—- S21 [Simulated] .
v+ $21 [Measured] phase unbalance are shown, and in

2,5 |-~ S24 [Simulated] Figure 12 the coupling S, and the isola-
»* §24 [Measured]

tion S,5 are depicted. The agreement
between simulation and measurement
is good, with measured reflection below
—19 dB (simulated below —20 dB), mea-
sured phase imbalance between 169°
00 320 340 360 380 400 and 189° (simulated between 170° and
Freque(r;c)y [MHz] 190°), and measured amplitude imbal-
190 ance of 0.75 dB (simulated 0.5 dB). The
measured coupling Sye is stable over
the 300-410 MHz frequency range
(between —26.9dB and —26.2 dB), and
the isolation S,5 is below —45 dB.

Amplitude [dB]

185

180

Phase [°]

175

—- Phase imbalance [Simulated]
** Phase imbalance [Measured|

Finally, in Figure 13 the overall measured
percentage power loss of the compo-

165 nent is estimated by using the following
300 320 340 360 380 400

Frequency [MHz]| . J 2
®) expression P, = 1 — Z |Si2|*. As appar-
=1
Figure 11.Frequency response of for the device in Figure 7: (a) €Nt the realized prototype exhibits very
Transmission coefficients (57 and So4) and (b) phase imbalance. low losses at cryogenic temperature,

170
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30 taking into account the losses of micro-
** Coupling [Measured] . .
35 —- Coupling [Simulated] strip lines, connectors, through walls,

40 i*f isolalion [Measured] and solderings.
solation [Simulated]

Amplitude [dB]

4, Conclusions

A planar 180° fractal hybrid providing
7300 320 340 360 380 400 high return loss and a directional cou-

Frequency [MHz] pler with weak coupling and high
isolation are proposed for radio astron-
omy applications, aiming to a compact,
light, and reliable design. In particular,
3 these components are intended to be
used in the cryogenic receiver of the
Sardinia Radio Telescope, operating
2 between 300 MHz and 410 MHz, at the
temperature of 20 K. Based on the 180°
fractal hybrid proposed by Ghali, an
optimization has been carried out to
0.5 comply with the stringent requirements
0 of the SRT P-band radio astronomy
300 310 320 330 340 350 360 370 380 390 400 410 receiver. The optimized hybl’ld provides

Frequency [MHz]
a bandwidth improvement over the
Figure 13. Percentage power loss of the component, when feeding from  standard configuration for both the
port 2.

Figure 12. Coupling (S,¢) and isolation (Ss) for the device in Figure 7.

Percentage power loss
n

return loss and the amplitude imbal-
ance. The fractal 180° hybrid and the
directional coupler have been manufactured in the same layout and tested at the cryogenic temperature
of 20 K, showing a return loss greater than 19 dB and an amplitude imbalance less than 0.75 dB over the
operating frequency band.
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