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Abstract—This paper realized a broadband uniplanar phase-in-
verter rat-race coupler using a standard silicon process, and then
analyzed this coupler under a lossy condition. A phase inverter is
employed in this coupler, not only to extend the operation band-
width, but also to generate balanced outputs by providing equal
lossy paths, while symmetrical spiral-shaped coplanar striplines
(CPSs) are also utilized to shrink the coupler size, as well as to
construct a phase inverter in the middle of one of spiral CPSs.
The lossy CPS, when designed as a distortionless line, has a real
characteristic impedance, and thus, perfect port matching of the
coupler can be achieved at the center frequency. The operation
frequency of this silicon monolithic rat-race coupler with the size
of 0.5 mm2 is extremely wide and ranges from 5 to 23 GHz. The
dissipated loss, transmission coefficient, and isolation of the rat-
race coupler are approximately 5.5, 8, and below 25 dB, re-
spectively. In addition, a wideband Gilbert micromixer with an
integrated uniplanar phase-inverter rat-race coupler at the local
oscillator port is demonstrated using 0.35- m SiGe BiCMOS tech-
nology. This mixer works from 2.5 to 13 GHz with 12-dB con-
version gain, 16-dBm IP1 dB, 4-dBm IIP3, and 14-dB noise
figure. The chip size of the mixer with an integrated coupler is ap-
proximately 1.4 mm 1.4 mm.

Index Terms—Downconverter, micromixer, phase inverter,
rat-race coupler, SiGe BiCMOS, silicon substrate, transimpedance
amplifier, wideband.

I. INTRODUCTION

S ILICON-BASED technologies have the properties of high
integration and low-cost production. Active devices have

advanced in possession of the cutoff frequency of more than
100 GHz, and they are suitable for microwave and millimeter-
wave applications [1]. Today, passive components are largely
implemented using silicon-based technologies in RF integrated
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circuits (ICs). For example, inductors and transformers are ap-
plied in oscillators, low-noise amplifiers, and mixers [2]. How-
ever, the standard silicon substrate with a resistivity of approxi-
mately 10 cm deteriorates signals, causes crosstalk between
two adjacent passives, and influences the functions of passive
components. Thus, it is a big challenge to form useful RF pas-
sive components on a silicon substrate for microwave and mil-
limeter-wave applications [3], [4].

To reduce the substrate loss, many solutions have been
developed, such as micromachining, high-resistivity substrate,
silicon-on-insulator (SOI) process, and shielding. Abidi et al.
applied the front-side micromachining to form a suspended
inductor in a CMOS RF amplifier. Thus, this inductor has
higher self-resonance frequency and quality factors and can
work at higher frequencies [5]. The backside micromachining
is also employed to eliminate the unpredictable pattern-de-
pendent etching behavior of front-side micromachining [6],
[7]. Besides this, the high-resistivity ( 1 k cm) silicon
substrate is also employed, but the entire substrate with high
resistivity is not compatible with active devices, due to the
latch-up issue [8]. The local high-resistivity substrate can
be obtained by proton-damaged ion implantation with high
energy (15 MeV) before the backend process, or with low
energy ( 4 MeV) after the backend process [9]. The substrate
resistivity increases significantly to 1 M cm. The perfor-
mances of the transmission lines and spiral inductors on the
proton-damaged high-resistivity silicon substrate are enhanced
[9], [10]. Shielding, like patterned ground shields [11] and
floating shields [4], is inserted between the signal path and the
silicon substrate, to resist the substrate loss without any extra
process. This method is adequate for the process with multiple
metal layers.

A rat-race coupler is a commonly used four-port pas-
sive component, with three one-quarter-wavelength and
one three-quarter-wavelength transmission lines. The
three-quarter-wavelength segment offers a 180 phase delay
to generate differential signals at the neighboring ports and to
cancel signal at the opposite isolation port. These properties
are achieved at a specified frequency, and thus, the bandwidth
is limited. In the case of the uniplanar transmission line, there
exists an effective way to minimize the size and to extend the
bandwidth simultaneously for the rat-race coupler. A phase
inverter is employed in the middle of the quarter-wavelength
transmission line to replace the three-quarter-wavelength
section, as shown in Fig. 1(a) [12]–[16]. On account of the
wideband and low-loss properties of the phase inverter, the
operation bandwidth of a phase-inverter rat-race coupler is

0018-9480/$25.00 © 2008 IEEE
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Fig. 1. Even- and odd-mode analyses of a phase-inverter rat-race coupler.
(a) Phase-inverter rat-race coupler. (b) Even mode of the phase-inverter rat-race
coupler. (c) Odd mode of the phase-inverter rat-race coupler.

very large. This rat-race coupler maintains balanced output
signals regardless of the substrate loss, thanks to the equal path
loss. Couplers had been realized on the silicon substrate, but
most of them are created with substrate shielding [17], [18],
which results in a low effective dielectric constant, and thus, a
large coupler size. It is advantageous to implement the coupler
directly on the silicon substrate for size reduction by the higher
effective dielectric constant. The finite-ground coplanar wave-
guide (FGCPW) phase-inverter rat-race couplers directly on
the silicon substrate had been implemented at 60 and 77 GHz
[19], and size-reduction techniques were applied at the cost of
the bandwidth even at such high frequencies [15].

In this paper, the balanced structure of passive components
is analyzed and designed to mitigate the influence of the sub-
strate loss by means of using two signal paths with equal loss.
This research focuses on a uniplanar transmission line rat-race
coupler implemented directly on lossy silicon substrate. Here,
the uniplanar transmission lines—coplanar waveguides (CPWs)
and coplanar striplines (CPSs)—demand few metal layers and
have the higher effective dielectric constant for size reduction
when compared with microstrip lines formed by the inter-metal
dielectric, sandwiched by the top metal and bottom shielding
ground metal [17], [18], [20]. In addition, spiral-shaped CPSs
are also employed to shrink the size. A phase-inverter rat-race
coupler using symmetrical spiral CPSs is implemented directly

on a low-resistivity ( 10 cm) standard silicon substrate in
this paper. The phase inverter in the rat-race coupler is the key
element to keep outputs balanced by providing the equal-length
lossy paths, and thus, the phase-inverter rat-race coupler pre-
serves the broadband properties even in the presence of lossy
silicon substrate. In addition, the lossy CPS is designed as a dis-
tortionless transmission line to have a nondispersive and real
characteristic impedance for broad bandwidth and perfect port
matching of the coupler. This paper also demonstrated a wide-
band Gilbert mixer with this integrated coupler using a 0.35- m
SiGe BiCMOS process. The integrated wideband phase-inverter
rat-race coupler can eliminate the problem of poor differential
signals caused by the mismatch of the external balun and cables.

II. CIRCUIT DESIGN

In this paper, a spiral-shaped CPS is applied for size reduction
to the phase-inverter rat-race coupler directly on the standard
silicon substrate at a low-frequency regime without any com-
promise in the bandwidth. Moreover, the phase-inverter rat-race
coupler is analyzed under the lossy condition and a distortion-
less transmission-line design methodology is developed for the
simple port-matching condition. Many previous analyses have
focused on a lossless rat-race coupler [15]. Here, the even- and
odd-mode analyses are applied to analyze a lossy rat-race cou-
pler with a phase inverter, as shown in Fig. 1 [21]. Ports 1 and 3
are the delta and sum ports, respectively. The length and com-
plex propagation constant of the transmission lines, A and B,
in Fig. 1(a) are denoted as , , , and , respectively. The
normalized characteristic impedances and of the transmis-
sion lines, with respect to the terminal impedance are, in
general, complex, as described in [22]. The even-mode network
consists of a transmission line with one short shunt stub and
one open shunt stub on two sides and this network becomes the
odd-mode network by exchanging two shunt stubs, as shown in
Fig. 1(b) and (c). The even- and odd-mode matrices are
then derived as

(1)

and

(2)
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respectively, where

(3)

Deriving from the even- and odd-mode matrices, the
-parameter matrix of the phase-inverter rat-race coupler can

be written as

(4)

where , , , and are expressed in (5), shown at the
bottom of this page.

Under the design conditions that ,
, and , is equal to no matter

what the operation frequency is, as is derived from Appendix A.
Obviously, the phase inverter is properly employed to keep the
signal lossy paths equal so that the differential outputs of the
coupler maintain balance in magnitude and phase. In the case
of no loss, the -parameters are the same as the -parameters
derived in [15].

According to the derivation shown in Appendix B, the perfect
port-matching is achieved at the center frequency with the wave-
length when the normalized characteristic impedance
of the rat-race coupler is equal to

(6)

Fig. 2. Normalized characteristic impedance and transmission coefficient with
respect to �� for perfect matching.

The normalized characteristic impedance is a function of ,
and the minimum and maximum values are and 2, respec-
tively. Fig. 2 reveals that the characteristic impedance for perfect
matching is always a real number, which occurs only under the
lossless or distortionless conditions [23]. Therefore, the trans-
mission line is designed as a near distortionless line in our study
to achieve perfect matching. Theoretically, is equal to .
The bandwidth of the coupler is limited by the matching condi-
tion. In order to extend the bandwidth, the perfect port matching
could be designed at more frequencies around the center fre-
quency, as mentioned in [16]. Nevertheless, the lossy coupler
has broader input matching than the lossless counterpart be-
cause of the degradation of the quality factor of the transmission
line. In our study, the rat-race coupler is directly implemented
on a lossy substrate for a compact size, and the dielectric loss is
dominant. The loss is proportional to the length of the transmis-
sion line. For high-frequency applications, a shorter transmis-
sion line length reduces loss. As is derived from Appendix B,
the transmission coefficient , at the center frequency, can be
expressed in terms of

(dB)

(7)
As shown in Fig. 2, with the same attenuation constant,

cm , the transmission coefficient becomes
7.55, 5.32, and 4.17 dB, at the operation frequency of 15,

(5)
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Fig. 3. Symmetrical spiral-shaped CPS rat-race coupler with a phase inverter.

30, and 60 GHz, respectively. This loss at 60 GHz is consistent
with [19]. Our proposed rat-race coupler directly on a low-re-
sistivity substrate is more suitable at higher frequencies. A
lumped-element technique is also useful to shorten the length
and then to lessen the loss at the cost of the operation band-
width. Though a high coupler loss occurs for low-frequency
applications, the coupler is useful to provide wideband differ-
ential signals to the local oscillator (LO) port of a Gilbert mixer.
This is because the differential pair of the bipolar/MOS Gilbert
cell needs a small twist voltage to commutate an RF current.
However, the lossy coupler is not appropriate for diode mixers,
which demand large LO pumping power. Besides, the coupler
is not useful to be employed in the RF port of a downconverter
because the high coupler loss results in a high noise figure.

Fig. 3 shows the layout of the phase-inverter CPS rat-race
coupler. Quarter-wavelength CPSs are winding into a symmet-
rical spiral shape to condense the estate of the coupler. In addi-
tion, the phase inverter is easily established in the middle of the
symmetrical spiral-shaped CPSs to provide a 180 phase shift, as
shown in Fig. 3. The physical size of the phase inverter should be
negligible when compared with the operating wavelength. The
transmission line can be modeled in terms of the per-unit-length
resistance , inductance , conductance , and capacitance
[23]. The transmission-line parameters are extracted from the
electromagnetic (EM)-simulated -parameters [24]. For a fixed
CPS gap, decreases with the CPS width increase, so that
the distortionless condition is achieved by controlling the metal
width. The characteristic impedance for the matching condi-
tion varies smoothly from to . Thus, the transmis-
sion-line impedance approaches the characteristic impedance
for the matching condition of a proper CPS gap. With this sys-
tematic design, the input matching and distortionless property
are achieved approximately at the same time. Wave propagates
well in straight CPSs. However, coupling occurs at the bends of
the spiral-shaped lines. The spacing between adjacent CPSs is a
tradeoff between layout size and coupling. The optimal spacing
between adjacent CPSs from the simulations is close to the CPS
line-to-line spacing. Moreover, the bends in the spiral-shaped

Fig. 4. Schematic of the micromixer with a phase-inverter rat-race coupler.

CPSs are a small proportion of entire quarter-wavelength trans-
mission lines, and hence, the change of impedance or transmis-
sion-line parameters of this section can be neglected from the
EM simulations.

In our complete analysis, the lossy rat-race coupler with a
phase inverter has wideband operation and still keeps outputs
balanced because of equal path loss. It is interesting that a dis-
tortionless line is employed to achieve a simple port-matching
condition. The matching condition and bandwidth performance
are different from those under the lossless condition analysis
[15]. The shorter a transmission line is, the smaller the loss is.
Therefore, the lossy phase-inverter rat-race coupler is suitable
for high frequencies because of the compact size as well as the
small loss.

The schematic of the entire mixer with an LO phase-inverter
rat-race coupler is shown in Fig. 4. A micromixer employed in
this paper [25] is the same as the micromixer presented in our
previous study, and more details about the micromixer design
are described in our previous publication [22].

III. MEASUREMENT RESULTS

A. Micromixer With an Integrated Phase-Inverter
Rat-Race Coupler

The micromixer with an integrated phase-inverter rat-race
coupler is fabricated using 0.35- m SiGe BiCMOS technology
with three metal layers. The die photograph is displayed in Fig. 5
and the active circuitry is inside the rat-race coupler for a com-
pact layout. The chip size is approximately 1.4 mm 1.4 mm.
The transistors of the mixer core are SiGe HBT devices with
a peak cutoff frequency of 67 GHz, while the rat-race cou-
pler is mainly formed by the top metal. The total current con-
sumption is approximately 32 mA at the supply voltage of 5 V.
Fig. 6 presents the wideband performance of this micromixer.
Thanks to the RF wideband matching and LO broadband phase-
inverter rat-race coupler, this mixer works with a 3-dB band-
width of 10.5 GHz from 2.5 to 13 GHz. The conversion gain is
approximately 12 dB. The mixer needs only 0-dBm LO power
to function after taking the dissipated loss of the coupler into
consideration because the SiGe HBT transistors in the Gilbert
cell switching quad only need small power to perform the cur-
rent commutation. Fig. 6 also exhibits that the input 1-dB gain
compression point and the input third-order intercept
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Fig. 5. Die photograph of the micromixer with an integrated phase-inverter
rat-race coupler.

Fig. 6. Conversion gain IP and IIP of the micromixer with an integrated
phase-inverter rat-race coupler.

point are approximately 16 and 4 dBm, respectively.
The power performance is measured at 2.6, 5.1, 7.6, 10.1, and
12.6 GHz.

The noise figure of the micromixer with an integrated phase-
inverter rat-race coupler is measured at fixed LO frequencies of
5, 7, and 9 GHz. The minimum noise figure is approximately
14 dB, as shown in Fig. 7. The noise figure does not vary very
much with LO frequency. As shown in Fig. 8, the 3-dB band-
width is approximately 400 MHz. The LO-to-IF and LO-to-RF
isolations are below 30 dB, while the RF-to-IF isolation is
below 25 dB. The input return loss at the RF and LO ports
and the output return loss at the IF port are measured. Since the
RF-input stage is a micromixer with a wideband matching prop-
erty, and the IF-output stage utilizes a Darlington pair of tran-
sistors along with a resistive feedback technique, the return loss
at the RF and IF ports is below 10 dB. The perfect LO-input
matching occurs at 7 GHz. The simulations are performed by
the post-layout extraction of active circuits, as well as by the

Fig. 7. Noise figure of the micromixer with an integrated phase-inverter rat-
race coupler.

Fig. 8. Conversion gain of the micromixer with an integrated phase-inverter
rat-race coupler with respect to IF frequencies.

EM simulation of the rat-race coupler. The measurements are
close to the simulations.

B. Symmetrical Spiral-Shaped Phase-Inverter
Rat-Race Coupler

A symmetrical spiral-shaped rat-race coupler with a phase
inverter was implemented on a low-resistivity 10 cm)
silicon substrate. A die photograph is shown in Fig. 9, and the
chip estate, including pads, is 1 1 mm . However, the coupler
size is only 0.5 mm , while each spiral-shaped CPS takes on an
area of 250 m 250 m. In addition, circuitry, like a mixer,
can be arranged in the center of the rat-race coupler to save
the area without performance degradation, as shown in Fig. 5.
The rat-race coupler here is designed at the center frequency of
14.5 GHz, while the rat-race coupler employed in the mixer is
designed at the center frequency of 7.7 GHz. The phase-inverter
rat-race coupler is formed by the top two metals with a thick-
ness of 0.925 and 0.64 m. The width, spacing, and length of the
quarter-wavelength CPS are 15, 5, and approximately 1800 m,
respectively. The measurement is performed by a four-port net-
work analyzer with on-wafer probes on four sides of the die.
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Fig. 9. Die photograph of the rat-race coupler with a phase inverter.

Fig. 10. S-parameters of the rat-race coupler with a phase inverter.

Ports 1 and 3 are the delta and sum ports, respectively. Fig. 10
shows the magnitude of , , , and from the mea-
surement and the IE3D EM simulation. This phase-inverter rat-
race coupler functions from 5 to 23 GHz with a 4.6-to-1 band-
width ratio. The bends in the spiral-shaped CPSs, in the IC
process, are a small proportion of the entire transmission lines.
Thus, the bandwidth of the phase-inverter rat-race coupler im-
plemented by IC technology is comparable with that imple-
mented on the printed circuit board [14], [15]. There is perfect
port-matching at 14.5 GHz, and the isolation between the delta
and sum ports ( ) is below 25 dB. The magnitude imbal-
ance between and is small and approximately 1 dB, as
shown in Fig. 11, resulting from the phase inverter. However, the
phase difference is always close to 180 . The maximum phase
and magnitude errors are 8.5 and 1.6 dB within the operation
frequencies of 5–23 GHz, respectively. The performance of the
signals, when fed from the sum port, is displayed in Fig. 12. The
phase difference stays at around 0 and the difference in magni-
tude is close to 0 dB. The dissipated loss of the phase-inverter
rat-race coupler is defined as

Loss (8)

and is approximately 5.5 dB, as shown in Fig. 13.

Fig. 11. Phase difference between S and S of the rat-race coupler with a
phase inverter.

Fig. 12. Phase difference between S and S of the symmetrical
spiral-shaped rat-race with a phase inverter.

Fig. 13. Dissipated loss of the symmetrical spiral-shaped rat-race with a phase
inverter.

A two-port transformer has a broad frequency operation and
a low loss. Generally speaking, the upper operation frequency
of a two-port transformer is limited by the parasitic capaci-
tances. However, when the transformer is employed as a three-
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TABLE I
COMPARISONS OF SILICON-BASED RAT-RACE COUPLERS WITH A PHASE INVERTER

From the plot of measured phase difference.

The upper frequency is limited by the measurement.

Fig. 14. Calculated S-parameters of the rat-race coupler with a phase inverter.

port balun, output signal balance at high frequencies is dras-
tically deteriorated since the single-end input signal destroys
the transformer’s symmetry in EM characteristics [26]. Thus,
a three-port transformer balun has much less bandwidth than
a two-port transformer has. An active balun is plagued by the
dc-power consumption, dynamic range, and noise, in spite of
its small size. Therefore, this phase-inverter rat-race coupler is
a good choice for a wideband balun.

The comparison results, based on the same return-loss perfor-
mance ( 10 dB), are shown in Table I. Silicon-based phase-
inverter rat-race couplers are also implemented with lossless
multilayer microstrips [17] and lossy FGCPWs [19]. The lossy
couplers in this study and [19] have broader input matching than
the lossless counterpart in [17] because of the degradation of
the quality factor of the transmission line. The signal balance
in our study is better than that of [17] because of the symmet-
rical design in our phase inverter. When compared with [19],
our signal-balance performance is as good as that of the FGCPW
coupler, but the fractional bandwidth of our coupler is better be-
cause of the lower quality factor of the transmission line when
operated at lower frequencies.

C. Distortionless Transmission Line

By the extraction from the measured four-port -parameters
with curve fitting, the values of , , , and are

cm
nH/cm
S/cm
pF/cm

(9)

Fig. 15. Calculated characteristic impedance and complex propagation con-
stant of the rat-race coupler with a phase inverter.

and they are close to the values directly extracted from the simu-
lated two-port -parameters of a quarter-wavelength CPS [24].

and , calculated by (5), are plotted in Fig. 14 in com-
parison with the measurement results. Notice that the ratio of

to H is close to the ratio of to
( GS/F). Thus, the lossy transmission line is close
to a distortionless transmission line [23]. Thus, the characteristic
impedance is almost a real number. As mentioned in Section II,
perfect port matching can be achieved at the center frequency
of approximately 14.5 GHz. Fig. 15 shows the characteristic
impedance and the complex propagation constant, based on the
formulas

(10)

and

(11)
where

(12)

for a distortionless transmission line. The characteristic
impedance is approximately and it fits the
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matching equation (6). Moreover, the attenuation constant is
unchanged and the propagation constant is almost a linear
function of frequency. Therefore, the coupler is nondispersive.
The attenuation of the 1800- m distortionless line is approxi-
mately 3.28 dB.

IV. CONCLUSION

In this paper, the lossy rat-race coupler implemented on the
standard silicon substrate has been analyzed and designed. A
phase inverter is utilized in this coupler to extend the opera-
tion bandwidth and to provide balanced outputs even for the
lossy silicon substrate. The transmission lines in the coupler
are formed by symmetrical spiral-shaped CPSs to shrink the
coupler size, and are designed as a distortionless line for the
port matching of the coupler. It is easy to construct a phase
inverter in the middle of the symmetrical spiral-shaped CPS.
The demonstrated monolithic rat-race coupler, with the size
of 0.5 mm , operates from 5 to 23 GHz, and keeps the output
broadband balanced. In addition, a single-ended broadband
Gilbert micromixer, along with an LO phase-inverter rat-race
coupler, is demonstrated. The mixer functions from 2.5 to
13 GHz and has the conversion gain of 12 dB, of

16 dBm, of 4 dBm, and noise figure of 14 dB.

APPENDIX A
DERIVATION OF

The complex scattering parameters of the coupler are written
in (5). Under the condition of , , and

, the numerator of is simplified to

(A1)

where

(A2)

and

(A3)

Therefore, is equal to .

APPENDIX B
DERIVATION OF THE NORMALIZED CHARACTERISTIC

IMPEDANCE AND OF THE CPSs FOR

THE PERFECT PORT-MATCHING

At the center frequency, the numerator of can be derived
in terms of , , and
as follows:

(B1)

where

(B2)

When

(B3)

this numerator is equal to zero and the port matching of the
coupler is achieved at the center frequency. Under the matching
condition, at the center frequency can be obtained as

(dB)

(B4)
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where

(B5)
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