Highly Miniaturized On-Chip 180° Hybrid Employing
Periodic Ground Strip Structure for
Application to Silicon RFIC

A highly miniaturized on-chip 180° hybrid employing
periodic ground strip structure (PGSS) was realized on a
silicon radio frequency integrated circuit. The PGSS was
placed at the interface between SiO, film and silicon
substrate, and it was electrically connected to top-side
ground planes through the contacts. Owing to the short
wavelength characteristic of the transmission line
employing the PGSS, the on-chip 180° hybrid was highly
miniaturized. Concretely, the on-chip 180° hybrid
exhibited good radio frequency performances from
37 GHz to 55 GHz, and it was 0.325 mm?, which is 19.3%
of a conventional 180° hybrid. The miniaturization
technique proposed in this work can be also used in other
fields including compound semiconducting devices, such
as high electron mobility transistors, diamond field effect
transistors, and light emitting diodes.
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1. Introduction

180°/90° hybrid couplers and dividers [1], [2] are required
for signal division/coupling in power amplifiers [3], balanced
amplifiers, and balanced mixers [4]. A development of highly
miniaturized on-chip couplers is indispensable for application
to silicon radio frequency integrated -circuit (RFIC).
Especially, with an evolution of silicon CMOS device
process technology, highly integrated silicon integrated
circuits (ICs) including radio frequency (RF) and base-band
block have been developed [5]. However, hybrid
coupler/dividers are fabricated outside of ICs due to their
large sizes, which have been an obstacle to a realization of a
fully-integrated silicon front-end.

In this work, to solve the above problem, a highly
miniaturized on-chip 180° hybrid employing periodic ground
strip structure (PGSS) was realized on silicon RFICs.

II. Highly Miniaturized On-Chip 180° Hybrid
Employing PGSS on Silicon Substrate

Transmission lines employing periodic structures have been
fabricated on compound semiconducting substrates [6], [7] and
silicon substrates [8], [9]. They showed
characteristics, and they were suitable for application to
miniaturized passive components. In this work, a transmission
line employing PGSS [9] was used on an application for a
miniaturized on-chip 180° hybrid on a silicon substrate.

Figure 1 shows the on-chip 180° hybrid employing PGSS on
a silicon substrate. As shown in Fig. 1, the 180° hybrid consists

slow-wave
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Fig. 1. Structure of on-chip 180° hybrid employing PGSS on
silicon substrate.

of four section transmission lines: three transmission lines with
a length of /4 and one transmission line with a length of 33/4.
Each transmission line was realized using coplanar waveguides
employing PGSS. Although a conventional 180° hybrid
occupies a very large area on an RF circuit [1], the size of the
180° hybrid employing PGSS was highly reduced due to a
short wavelength characteristic of the coplanar waveguide
employing PGSS. The reason for the size reduction of the 180°
hybrid employing PGSS can be explained as follows. As
shown in this figure, PGSS exists at the interface between SiO,
film and silicon substrate, and it was electrically connected to
top-side ground planes (GND planes) through the contacts.
Therefore, PGSS was grounded through GND planes. As is
well known, a conventional coplanar waveguide without
PGSS has only a periodical capacitance C, (C, is shown in
Fig. 1) per a unit length, while a coplanar waveguide
employing PGSS has additional capacitance G, as well as C,.
As shown in Fig. 1, G, is a capacitance between a line and
PGSS. In other words, a total capacitance (per unit length) of
the coplanar waveguide employing PGSS corresponds to C, +
Cy,, but, a total capacitance of a conventional coplanar
waveguide without PGSS corresponds to C,. Therefore, the
coplanar waveguide employing PGSS exhibits wavelength (4,)
much shorter than conventional coplanar waveguide, because
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Fig. 2. Measured wavelength of coplanar waveguide employing
PGSS and conventional one.

Jg is inversely proportional to the periodical capacitance, in
other words, A, =1/ MLO)™.

Figure 2 shows the measured wavelength of a coplanar
waveguide employing PGSS and a conventional coplanar
waveguide. The wavelength was obtained from the measured
phase of insertion loss S,; by using

_ —2xl

A= .

M

In (1), A, £S5, and [ are the wavelength, measured phase of
the insertion loss S,;, and physical length of transmission line,
respectively. The coplanar waveguides were fabricated on a
silicon substrate with a height of 600 um. The distance
between ground strip L and line width 7 are all 20 pm. In this
figure, solid rectangles and open circles correspond to the data
of the PGSS with a ground strip width 7 of 5 pum and 20 pm,
respectively. As shown in Fig. 2, the wavelength of the
coplanar waveguide was reduced to 60% to 65% of a
conventional one by using PGSS. For example, the wavelength
of the coplanar waveguide employing PGSS (with a T of
20 pm) is 3.7 mm at 20 GHz, while the wavelength of the
conventional coplanar waveguide without PGSS is 5.9 mm at
the same frequency.

The results indicate that highly miniaturized passive circuits
can be realized by using a coplanar waveguide employing
PGSS. Measured characteristic impedance of the coplanar
waveguide employing PGSS is shown in Fig. 3, where W was
fixed to a value of 20 um. The characteristic impedance of the
coplanar waveguide Zp was measured by the following method.
Firstly, 50 Q-based S-parameters of a coplanar waveguide were
measured by network analyzer with 50 Q port impedance.
After this, the 50 Q-based S-parameters were transformed to
Z-parameters, and then, the Z-parameters were transformed to
S-parameters for arbitrary port impedance Zy[1]. If the arbitrary
port impedance Z, is the same as the characteristic impedance
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Fig. 3. Measured characteristic impedance of coplanar waveguide
employing PGSS.

Zp of a coplanar waveguide, the return loss S/, for the
arbitrary port impedance becomes zero. Therefore, Z; was
obtained from the following condition,

_ |(Z11 —Zp)Zy +Zp) =21y Zy, | —o0.
|(Z11 +Zg N2y +Zp) =252y |

1811 1z,=2, @
This process was automatically performed using a CAD tool.

In Fig. 3, as the 7' becomes larger, characteristic impedance
becomes lower, because characteristic impedance is inversely
proportional to a periodical capacitance of transmission line,
in other words, Z, = [(R+L)(G+C)]*, and an increase of T
results in an enhancement of periodical capacitance C, due to
an increase of capacitive area. For this reason, as shown in
Fig. 3, characteristic impedance of the coplanar waveguide
employing PGSS can be easily controlled simply changing
the 7. Especially, using PGSS, characteristic impedance can
be reduced to a value much lower than a conventional
coplanar waveguide. For example, as shown in Fig. 3,
characteristic impedance shows a value of 67 Q to 32 Q by
changing 7 from 0 pm to 50 pm. This characteristic is very
favorable to a reduction of size of passive components on
RFIC because a very low impedance line is required for
impedance matching between active devices. In other words,
the input/output impedance of FETs is much lower than 50 Q
(10 Q to 40 Q) in an RF band [4], and a very low impedance
line should be used for impedance matching between FETs.
For example, the W of a conventional coplanar waveguide
(having a G of 30 um) with a characteristic impedance of
35 Q is 130 pum, while the W of a coplanar waveguide
employing PGSS (having a 7 of 20 pm) with the same
characteristic impedance is only 20 pum. Therefore, if a
coplanar waveguide employing PGSS is used for impedance
matching between active devices with low impedance, /¥ can
be highly reduced (by simply adjusting 7) compared with a
conventional coplanar waveguide.
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Fig. 4. Photograph of on-chip 180° hybrid employing PGSS on
silicon substrate.

II. RF Performances of the On-Chip 180° Hybrid
Employing PGSS

Using the coplanar waveguide employing PGSS, a highly
miniaturized on-chip 180° hybrid was developed for U-band
RFIC applications.

Figure 4 shows a photograph of the on-chip 180° hybrid
fabricated on a silicon substrate. Grand-signal-ground (GSG)
pads were connected to input and output ports for on-wafer
measurement. Because port impedance was set to 27 Q for low
impedance matching applications, the characteristic impedance
of transmission lines comprising the 180° hybrid is 38 Q. In
order to realize the coplanar waveguide with 38 Q, the value of
T was set to 20 um from Fig. 3. The length of the A/4 line
comprising the 180° hybrid was determined from Fig. 2. In the
case of a center frequency of 46 GHz, the size of the 180°
hybrid employing PGSS was 0.325 mm?’, which is 19.3% of
the size of the one fabricated by a conventional coplanar
waveguide [1]. In other words, in a case in which ring-shape
180° hybrid is fabricated by conventional coplanar waveguide
(having a G of 30 pm) on a silicon substrate with a height of
600 um, the length of the A/4 line is 0.718 mm at the center
frequency, and the W of the coplanar waveguide with a
characteristic impedance of 38 Q2 is 90 um. Therefore, the size of
a ring-shaped 180° hybrid employing a conventional coplanar
waveguide can be calculated as

aBNATHWI2) = m(3<2.872/4% + 0.09/2)* = 1.68 (mm?>).

In order to measure the insertion and return loss of the hybrid
coupler, the GSG pattern should be used because the on-wafer
measurement method is indispensable for a measurement of
on-chip components on RFIC. Because the hybrid coupler is a
4 port device, unmeasured ports were terminated with a port
impedance of 27 Q, which was fabricated using a thin film
resistor process on silicon substrate. When the port impedance
is arbitrary, not 50 Q, low impedance GSG probes with a port
impedance of 27 Q are required to obtain ideal measurement
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Fig. 5. Measured power division and isolation characteristics of

the on-chip 180° hybrid employing PGSS.

result. However, there is no low impedance GSG probe for the
on-wafer measurement method (all commercial GSG probes
have a port impedance of 50 Q2). Therefore, in this work, 27 Q-
based S-parameters were obtained from measured 50 Q-based
S-parameters using well-known S-parameter transformation
theory [1]. First, we measured 50 Q-based S-parameters with a
50 Q2 GSG probe, and then, the 50 Q-based S-parameters were
transformed into Z-parameters using

(I+8)A=8»)+8,5,

Z,, =50 , 3)
(1=81)A=82) =525
2
7y = Sz R
(1=8)0=8) =55
28
221 = 21 B (5)
(1=8;)A=85) =55
1- 1
= 50( Si)(+85) + 51,55 ©)

(A=8)1-85)—5,5,,

In (3) to (6), Z; and S; are Z-parameters and 50 C2-based
S-parameters, respectively. Finally, the Z-parameters were
transformed into 27 Q-based S-parameters using

2y =Zy)Zp+Zy)— 2112y,

Si) = 7
1 A7 O
' 221220
:—’ 8
2= @®)
27,7
Sl — 21 0, 9
2NTT ©)
(2 +Zo)(Zs —Zy)— ZinZ.
S22 — 11 0)( 22 O) 12421 , (10)
AVA
|AZ |= (2 + ZyN(Zyy + Zy) = 211,25, 1n
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Fig. 6. Structure of the coplanar waveguide employing PGSS.

In (7) to (11), S’ are 27 Q-based S-parameters, and 7, is
27 Q. To perform an accurate measurement, we extracted the
PAD capacitance using the Y-parameter de-embedding method
[10]. Figure 5 shows the power division and isolation
characteristics of the 180° hybrid employing PGSS. We can
observe good power division characteristics from 37 GHz to
55 GHz. Concretely, S,; and Sy, exhibit a value of —5.5 dB at
46 GHz. In a frequency range of 37 GHz to 55 GHz, S,; and
Sy both show a value of —5.5 + 0.5 dB. Actually, a value of
power division of the 180° hybrid fabricated on teflon substrate
[1] is about —5 £ 0.5 dB, and the 180° hybrid employing PGSS
shows a loss higher by 0.5 dB over a conventional 180° hybrid
which originated from high conductivity of a silicon substrate.
To investigate the loss characteristic of the coplanar waveguide
employing PGSS, we evaluated the inductive quality factor
using

oLy
R

O = (12)

To evaluate inductive quality factor Oy, the series resistance
R, and inductance Z; should be obtained from the coplanar
waveguide employing PGSS. For this reason, we extracted the
equivalent circuit of the coplanar waveguide employing PGSS.
Figure 6 shows the structure of the coplanar waveguide
employing PGSS and its equivalent circuit of single cell. Using
the equivalent circuit, the inductive quality factor Op was
evaluated. According to the results, the coplanar waveguide
employing PGSS showed O, values higher than 10 at 50 GHz
in arange of 7 from 5 pm to 20 um. At this time, the accuracy
of the O values was not guaranteed because it is very difficult
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Fig. 7. Measured phase division characteristic of the on-chip 180°
hybrid employing PGSS.

to obtain an accurate equivalent circuit of the coplanar
waveguide employing PGSS due to its complicated structure.
Therefore, we have to study an accurate equivalent circuit to
obtain more accurate values of O .

The isolation characteristic S;; shows a value of —40 dB at
46 GHz, and values better than —18.5 dB in a frequency range
of 37 GHz to 55 GHz. Figure 7 shows the phase division
characteristic of the 180° hybrid employing PGSS. The phase
division shows a value of 180.3° at 46 GHz and values of
180° +4.9° in a frequency range of 37 GHz to 55 GHz.

IV. Conclusion

We fabricated a highly miniaturized on-chip 180° hybrid
employing PGSS on a silicon substrate for U-band RFIC
applications. The PGSS was placed at the interface between
SiO, film and a silicon substrate, and it was electrically
connected to top-side GND planes through the contacts.
Owing to the short wavelength characteristic of the
transmission line employing the PGSS, an on-chip 180° hybrid
was highly miniaturized on the silicon substrate. According to
measured results, the 180° hybrid showed good RF
performances from 37 GHz to 55 GHz, and its size was
0.325 mm’, which was 19.3% of the size of one fabricated by a
conventional coplanar waveguide.
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