electronics m\py

Article

Monolithic Miniaturized Differentially-Fed
Branch-Line Directional Coupler in GaAs
Monolithic Technology

Slawomir Gruszczynski *(%, Robert Smolarz !, Changying Wu 2 and Krzysztof Wincza !

1 Department of Electronics, AGH University of Science and Technology, 30-059 Krakow, Poland;
robert.smolarz@agh.edu.pl (R.S.); krzysztof.wincza@agh.edu.pl (K.W.)
School of Electronics and Information, Northwestern Polytechnical University, Xi’an 710072, China;
aaawucy@nwpu.edu.cn
*  Correspondence: slawomir.gruszczynski@agh.edu.pl; Tel.: +48-12-617-30-21; Fax: +48-12-633-23-98

check for

Received: 5 February 2020; Accepted: 4 March 2020; Published: 6 March 2020 updates

Abstract: In this paper, a design of a miniaturized branch-line directional coupler is presented. The
coupler is designed with balanced coupled-line sections, which are electrically shortened by the
application of lumped capacitors. To measure the parameters of the coupler, appropriate baluns
have been designed. The coupler has been designed in a GaAs PH25 UMS (united monolithic
semiconductor) technology with the center frequency of 24 GHz. The measured power split equals
3 dB with the transmission/coupling imbalance not exceeding 0.6 dB. The measured return losses
equal 17 dB at the center frequency, whereas the isolation reaches 17 dB. The fabricated coupler’s
size equals 630 um X 487 um, which is 0.19 of the full size of the directional coupler in the chosen
technology (1191 um X 1170 um).

Keywords: directional couplers; differential couplers; hybrid couplers; branch-line couplers;
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1. Introduction

Directional couplers are well-known components in microwave electronics [1-4]. A broad
range of networks, such as balanced amplifiers, balanced mixers, multichannel amplifiers, antenna
feeding networks, Bulter matrices, and six-port correlators, consist of directional couplers as necessary
components. Typically, single-ended devices are designed in microstrip, stripline, or monolithic
technology [1,3], but, recently, an approach has started to develop in which such couplers are designed
as balanced ones, with differentially excited ports [5-10]. In [11], one can see an example of balanced
mixer design with the use of a differentially fed rat-race coupler. The most common realization of
balanced couplers is in microstrip technology using dielectric substrates [5-7]. Some examples of
balanced directional coupler designs in monolithic technologies can be found in, e.g., [10] and [12],
where coupled-line directional couplers are shown. Coupled-line couplers are attractive due to their
relatively small size, but they are difficult to design in microwave monolithic integrated circuit (MMIC)
technologies, since a proper compensation of coupling coefficients has to be ensured in order to achieve
good isolation and return loss properties [4]. Instead, branch-line directional couplers can be utilized
as easy-to-design components, with the disadvantages of a limited bandwidth and large size. The
relatively large size of branch-line couplers can be reduced by applying a widely known meandering
technique [1] or the technique of shortening electrical lengths of transmission-line sections with either
transmission-line stubs or lumped capacitors [13].

In this paper, we present a differentially fed branch line directional coupler fabricated using
monolithic technology. To reduce the size of the coupler, the transmission-line sections have been
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shortened with lumped capacitors. Additionally, to measure the response of the coupler, balun networks
have been designed and connected to each port of the coupler. A GaAs PH25 fabrication process
offered by a united monolithic semiconductor (UMS) has been chosen for the physical realization
of the directional coupler. However, the proposed coupler’s realization is not limited to the chosen
technology and can easily be translated to other technologies in which similar trace geometries and
integrated capacitors can be fabricated.

2. Design of a Miniaturized Differentially Fed Branch-Line Directional Coupler

The standard single-ended branch-line directional coupler consists of a connection of four sections
of transmission-lines all having electrical lengths of 90° and the characteristic impedances of 35.35 ()
and 50 Q). The differentially fed directional coupler is analyzed with the use of coupled-line sections
instead of single-ended ones, as is shown schematically in Figure la. In order to miniaturize the
coupler’s size, a technique shown in [14] has been applied. In the technique, each transmission line
length © can be calculated based on the characteristic impedance Z; of the original section and the
characteristic impedance Z, of the shorted section, i.e., ® = arcsin(Z;/Z;). Whereas, the corresponding
capacitances connected at both ends of the section are calculated as follows: C = 1/w(1/Z4? = 1/Z,?).
In case of the differentially fed coupler, the capacitors are connected between the coupled conductors
and impact only the odd-mode characteristic impedances of the coupled-line sections. Therefore, one
has to consider the values of odd-mode characteristic impedances when calculating ® and C. The
even-mode characteristic impedances have no impact on the couplers response and can take any value.
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Figure 1. (a) Schematic of a differentially fed miniaturized branch-line coupler and (b) LC balun.

The coupler has been optimized to operate with the center frequency fo = 24 GHz, and the
following values have been found: Zy,; = 69 ), Zppp = 61 Q2, C; = 0.161 pE, C, = 0.136 pE, ©; = 21.68°,
®;, =17.07° (electrical lengths given at 24 GHz). The differential terminating impedances of all ports
are equal to Z 47 = 50 Q). After finding the initial values of the transmission line impedances and
lumped capacitors, the layout of the coupler has been optimized using models of UMS capacitors
implemented in AWR Microwave Office, while the S-parameters of the two-wire transmission lines
have been calculated electromagnetically. The simulated results of the miniaturized differentially fed
coupler from Figure 1a, using AWR Microwave Office software, are presented in Figure 2, and show the
responses very close to the ideal branch-line directional coupler. In order to allow for measurements of
the designed directional coupler, an LC-type balun network, shown schematically in Figure 1b, has
also been considered [15]. The balun is not intended for use in future applications of the directional
coupler, but it is required to evaluate the coupler with single ended wafer probes. The element values
calculated for the balun operating at the center frequency f(, = 24 GHz and assuming terminating
impedances of single-ended input and differential output equal Zr1 com = Z12 4iff = 50 (), are equal
Cp1 =0.133 pF, and Lp; = 0.332 nH. The LC balun features bandwidth exceeding 20% taken for return
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losses better than 20 dB, which is significantly broader than the bandwidth of the designed directional
coupler (corresponding coupler’s bandwidth equals 10%), thus the balun should not noticeably modify
the coupler’s frequency response.
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Figure 2. Differential S-parameters of an ideal miniaturized differentially fed branch-line coupler.

3. Design of a Miniaturized Differentially Fed Branch-Line Directional Coupler in UMS PH25
Technology

For the design of the proposed miniaturized differentially fed branch-line coupler, the GaAs
PH25 process from the United Monolithic Semiconductor has been chosen. The simplified dielectric
stack-up is presented in Figure 3 and consists of 100 um thick GaAs base substrate on top of which two
layers of silicon nitride are deposited. The principal metallization M2 is deposited on the top with the
thickness of about 3 um. The additional thin metallization layer M1, featuring higher resistivity (0.06
Ohm/sq), is primarily designated for capacitors’ realization and trace crossover realization, and is thus
not recommended for regular circuit design.
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Figure 3. Simplified cross-sectional view of the UMS PH25 process stack-up.

The calculated geometries of the symmetrical lines for UMS PH25 technology are as follows:
wy = 10 um and s; = 35 um for the lines having characteristic impedances Zy,; = 69 ), w, = 35 um,
and s, = 20 um for the lines having characteristic impedances Zy, = 61 Q). The capacitors, that reduce
the electrical lengths of the balanced lines C; and C; have the sizes of about 54 X 25 um (size of the
electrode on the M1 layer). The LC balun capacitors Cp; have the sizes of about 54 X 28 um, and
the inductors Lp; consist of 1.5 and 2 turns of the 15-um track having 5-um spacing. The calculated
scattering parameters of the designed directional coupler and LC balun are presented in Figures 4a
and 4b, respectively. As is shown, the response of the directional coupler is in agreement with the
theoretical expectations, however, the bandwidth of the designed LC balun is narrower than the
bandwidth of the ideal one. This is most likely caused by the distributed nature of the inductors
featuring stray capacitance to the ground. Despite this fact, they can still be used for the evaluation of
the network around the center operating frequency. The schematic connection of the coupler with
four LC balun networks is presented in Figure 5a, and the layout of the designed network is shown in
Figure 5b. The total size of the designed directional coupler is 630 um X 487 um without the LC baluns.



Electronics 2020, 9, 446 40f7

0 180 0 270

o I o

s z

g -0 (ECI I 3

g PO 180 o
n 1723

s s 2 I

I - < I =

& 2 | N T 9 o & o

b T T @ s

S < s I

% — |S11(itn| o § 90 g

= -30 — |S24oitn| 45 E £ — |S11] et

g — [Sscim)| & -25 — [Sei|

= — |S41(0i)| = — |Sa1|

40 --- Ang(S21) - Ang(S41)) o 30 --- Ang(Sz1) — Ang(Sa1) 0
20 22 24 26 28 20 22 24 26 28
Frequency (GHz) Frequency (GHz)
(a) (b)
Figure 4. (a) Simulations results obtained for the differentially fed branch-line directional coupler, and

(b) the LC balun.
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Figure 5. (a) Schematic of the connection of a directional coupler with four LC baluns for measurement
purposes, and (b) a layout of the designed monolithic branch-line coupler.

The S-parameters of the directional coupler together with the baluns have been calculated, and
the results are presented in Figure 6. The coupler features return losses and isolation better than 20 dB
at the center frequency of 24 GHz. The differential phase is equal 90 deg, while the transmission
imbalance is very small. The measurement results, also shown in Figure 6, confirm that the isolation
reaches about 20 dB at the center frequency, while the transmission imbalance does not exceed 0.6 dB.
The resonant frequency of the measured circuit is shifted about 0.6 GHz towards higher frequency.
This is most likely caused by the accuracy of baluns’ manufacturing, which, as narrowband circuits, are
sensitive to the LC element values. Despite that, the power split has not been shifted, which confirms
the proper operation of the directional coupler, which should operate well without baluns. Figure 7
shows the SEM (scanning electron microscope) photograph of the fabricated directional coupler.
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Figure 6. Calculated (dashed lines) and measured (solid lines) S-parameters of the differentially
fed directional coupler together with the four LC baluns designed with the UMS PH25 technology.
(a) Amplitude characteristics and (b) the differential phases.
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Figure 7. Scanning electron microscope (SEM) photograph of the fabricated directional coupler.

4. Conclusions

This paper presented the investigation on the realization of the differentially fed branch-line
directional coupler in monolithic technology. This work is in contrast to previously published works
where the differential couplers have been fabricated in dielectric substrate technologies and operate in
relatively low frequency ranges up to 5.8 GHz [5-8]. On the other hand, an example of a coupled-line
differential directional coupler has been shown in [10] operating in a 30 GHz frequency range. The
drawback of such a design is the necessity for coupling coefficients” compensation for achieving good
return losses and isolation. Our presented design is superior in simplicity to apply, and well suited
for integrated circuit design in which between-layer capacitors can be fabricated. Such capacitors



Electronics 2020, 9, 446 60f7

are applied to reduce the size of the coupler and allow for an increase in the electrical lengths of the
transmission lines and a reduction in their physical length. In order to measure the response of the
fabricated coupler, additional LC baluns have been designed and appropriately connected. The final
size of the designed directional coupler is about 630 um X 487 um. The obtained measured results are
in close agreement with the theoretical ones, with isolation reaching 20 dB. The center frequency of the
coupler has been slightly shifted upwards due to the manufacturing tolerance of the lumped elements.
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