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This paper presents the characterization results of several new passive millimeter wave circuits integrated on very thin ceramic
substrate. The work is focused on the design and characterization of a novel rounded Wilkinson power divider, a 90° hybrid coupler,
a rat-race coupler, and a novel six-port (multiport) circuit. Measurements show the wideband characteristics, allowing therefore
their use for multi-Gb/s V-band wireless communication systems.

1. Introduction

The use of the 60-GHz band has attracted a great deal of
interest over the last few decades, especially for its use in
future compact transceivers dedicated to high-speed wireless
applications in indoor environments (57-64 GHz) [1-3]. In
this context, intensive research has been done to further
develop new millimeter wave components for high data rate
wireless communications according to the IEEE 802.15.3c
standard. As previously demonstrated, the six-port technol-
ogy offers an excellent alternative to conventional receiver
architectures, especially at millimeter wave frequencies [4-6].

Nowadays, there are few promising high-quality fabri-
cation technologies, yielding potentially low-cost millime-
ter wave components, such as the monolithic microwave
integrated Circuit (MMIC) on GaAs or SiGe for large-scale
production, and the miniature hybrid microwave integrated
circuit (MHMIC) technology on very thin ceramic substrates,
for small-scale production and prototyping [7, 8].

Moreover, several technologies have been intensively
used for the millimeter wave circuit design and in-house
prototype fabrication. We particularly note the coplanar, the
substrate integrated waveguide (SIW), and the microstrip
technology. The coplanar technology assures high-quality
component design but is not well suited for low-cost pro-
duction due to the difficulties in automating wire-bonding

implementation, necessary for obtaining repeatable perfor-
mances. On the other hand, the SIW technology assures high-
quality component design on thin ceramics [9] or the design
of optimal transitions from planar to standard rectangular
waveguides [10]. For further circuit miniaturization, the
microstrip technology on very thin, high relative permittivity
substrate is recommended.

As known, the microstrip line width is related to the
characteristic impedance, substrate relative permittivity, and
its thickness. It is to be noted that, due to reduced guided
wavelength in high permittivity ceramic substrates, in order
to keep the required circuit aspect ratio (guided wavelength
versus the line width), the substrate must be as thin as
possible. The optimal choice for frequencies greater than
60 GHz is the 127 yum thick alumina substrate, which is
also easily compatible with the usual 100 um thick MMIC
active components, to be integrated with planar passive
MHMICs. The MMIC chips are placed in rectangular cuts
on ceramics, on the top of the same metallic fixture, allowing
thermal dissipation and easy wire bonding with MHMIC
components, which are practically at the same height.

Initial designs and circuit characterization results of sev-
eral MHMIC passive circuits on very thin ceramic substrate,
designed for advanced millimeter wave systems operating in
60-90 GHz band, have been published few years ago [11].



This paper presents novel circuit designs, together with
major improvements obtained in fabrication and characteri-
zation process in recent years.

2. Calibration Techniques and Standards

Measurement performance mainly depends on the accuracy
of the calibration technique and its standards used for cor-
recting the imperfections of the measurement system. These
imperfections depend on several factors such as nonideal
nature of cables and probes and the internal characteristics
of the vector network analyzer (VNA) itself. In order to
simplify calibration procedures and to obtain more accurate
and reliable measurement by introducing much smaller
systematic errors, the on-wafer calibration and measurement
with picoprobes were adopted.

Typically, on-wafer calibration standards are fabricated
either on the wafer including the device under test (DUT)
or on a separate impedance standard substrate (ISS). The
reference plane is usually taken at the probe tips. Neverthe-
less, for the DUT measurement in microstrip technology, on-
wafer standards fabricated on the same wafer as the DUT
are required since the probe-to-standard transition can be
designed to be very similar to the transition to the DUT. It
sometimes happens that the transition between the probe tips
and the coplanar line end is not well matched and parasitic
and some wave modes occur at the contact of the probe tips.
By taking the probe tips as measurement reference plane, the
errors due to this transition are not corrected and may affect
the measurement results.

Different calibration procedures or standards have been
used for measuring microstrip-based circuits; among the
most commonly used are line-reflect-match (LRM), line-
line-reflect-match (LLRM), and thru-reflect-line (TRL) [12].

One of the most robust and popular technique is the TRL
calibration, which is well suited to the on-wafer measure-
ments at millimeter wave frequencies. According to previous
comments, the reference plane is considered at the middle of
the thru line.

The TRL calibration was done using on-wafer microstrip
structures and the TRL algorithm supported by our vector
network analyzer E8362B of Agilent Technologies.

A nonzero length thru is used to extend the reference
plane a physical distance of 2286 ym into the microstrip line
in order to ensure direct measurement at the desired refer-
ence plane of the device, eliminating further deembedding
and its associated uncertainties.

One microstrip delay line of 477 yum length is used to
cover the whole considered frequency band. Generally, in
order to avoid phase uncertainties, for TRL calibration, the
electrical length of the line standard is maximum 180° at the
highest operating frequency.

For the reflect standard, the designer can choose between
the open and the short. In our opinion, the open standard
is a better option at millimeter wave frequencies, due to the
complex nature of the short-circuit design having repeatable
performances in microstrip technology, especially when via-
holes are used.
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FIGURE 1: Microphotograph of the fabricated circuits on thin ceram-
ic substrate of 2.54 cm X 2.54 cm.

In our designs, millimeter wave RF short circuits are
implemented with quarter wavelength sectors, avoiding via-
holes.

Figure 1 shows a microphotograph of typical fabricated
circuits, including several identical TRL standard calibration
kits. In order to optimize the fabrication cost and the
measurement time, a maximum number of circuits to be
characterized are fabricated on each ceramic die of 2.54 cm x
2.54 cm.

Due to the vulnerability of the very thin gold layer
metallization (1 ym), multiple identical kits have been fab-
ricated in order to ensure successful calibration before each
measurement. Small microstrip conductor areas were also
added on die in order the properly align the picoprobes before
measurement. In addition, 50 Q) microstrip terminations and
resistors test kits were used to verify the required value of
100 Q per square for the integrated loads.

Typical measurement results over 60-90 GHz band of a
microstrip line, after calibration, show matching results better
than —50 dB at both ports and a quasi-perfect transmission
of 0dB (with no more than 0.5 dB ripple, the intrinsic error
of the VNA) when the picoprobes are properly aligned and
positioned.

3. Basic Circuit Characterization

In order to integrate complete millimeter wave front-ends on
ceramic substrates, the first step is to design basic circuits,
such as couplers and power dividers/combiners. These com-
ponents will be further utilized in antenna array and six-port
downconverter or direct modulator designs.

As mentioned, the MHMICs have been designed and
fabricated on a very thin ceramic substrate having a relative
permittivity of 9.9 and a thickness of 127 ym. Advanced
Design System (ADS) version 2011.05 of Agilent Technologies
was used for circuits design and simulation.
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FIGURE 2: Microphotograph of the branch-line coupler.

In order to perform on-wafer measurement of the S
parameters, several circuits have been integrated in the same
alumina substrate of 2.54cm X 2.54cm size, as seen in
Figure 1.

The symmetry of circuits is used to reduce the number
of fabricated circuits required for complete characterization.
For example, the full characterization of four port couplers
requires minimum three different circuits due to the two-
dimensional symmetry. Only two circuits are needed for
the Wilkinson power divider, because of its one-dimensional
symmetry. Finally, five circuits are requested for the full
characterization of our six-port design. All these circuits
can be easily identified in Figurel. The unused ports are
connected to integrated 50 (2 loads.

Even if the allowed frequency band starts from 57 GHz, all
circuits are measured from 60 GHz because of measurement
set-up capabilities (WR-12 rectangular waveguides modules
for the 60-90 GHz millimeter wave extension of the VNA).
However, the results can be extrapolated in the 57-60 GHz
band by symmetry and comparison with electromagnetic
simulations.

3.1. 90° Hybrid Coupler. Figure 2 shows the microphoto-
graph of the 90° hybrid coupler, prepared for port 1 to port
3 measurements.

As usual in our millimeter wave designs, the shape of the
circuitis rounded, ensuring better S parameter performances.
The microstrip line widths are 126 ym for the 50 Q microstrip
line, 100 ym for central line of the coplanar input, and
250 um for 50/+/2 Q) quarter wave line inside the coupler. The
diameter of the coupler, measured between the centers of
diametrically opposite microstrip lines, is around 625 ym.

As explained earlier, all via-holes are replaced with
wideband RF short circuits. Details, such as 50 Q) integrated
resistor or the trace of the picoprobes on gold layer metalliza-
tion after measurement, can be seen in the picture.

Figures 3 to 5 show measurement results for S parameter
magnitudes and phases of the circuit. Measurements are
performed for S,,, S5;, and S,; on three different circuits (see
Figure 1, the secondary diagonal).

As seen in Figure 3, the measured return losses are better
than 26 dB at 60 GHz and better than 14 dB at the highest
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FIGURE 3: Measured input return loss for the 90° hybrid coupler.
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FIGURE 4: Measured transmission S parameter magnitudes for the
90° hybrid coupler.

frequency allowed for V-band communications, 64 GHz. The
isolation, S,;, is around 20 dB at 60 GHz and has comparable
values with return losses from 63 GHz.

The measured transmitted power is well splitted between
the two outputs, especially around the central frequency
allowed for V-band communications (60.5 GHz). The magni-
tude unbalancing is practically zero at 60 GHz and less than
1dB at 64 GHz, as can be seen in Figure 4.

Figure 5 shows that the phase difference between the two
outputs is around 89°+ 1° from 60 to 65 GHz.

Because in a six-port circuit the signal path crosses
over two such couplers, these low values of magnitudes and
phases unbalances are considered appropriate for modula-
tion/demodulation schemes having up to 16 symbols.
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FIGURE 5: Measured transmission S parameter phase difference for
the 90" hybrid coupler.
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FIGURE 6: Microphotograph of the rat-race coupler.

3.2. Rat-Race Coupler. A rate-race coupler has been also
designed and fabricated on a separate die, similar to that illus-
trated in Figure 1, along with other circuits. Multiple circuits
have been fabricated to measure complete S parameters of
the coupler. As for the previous case, the unused ports are
connected to integrated 50 (2 loads.

Figure 6 shows the microphotograph of this rat-race
coupler, prepared for port 1 to port 2 measurements.

In order to have a better idea of circuit size, let us
see the same dimensions: the line widths are 126 ym for
50 Q microstrip lines and 55 um for 502 Q characteristical
impedance of the circular shape. The coupler circumference
is equal to six quarter wavelengths and its diameter is 740 ym.
Two integrated 50 ) millimeter wave loads are connected
to ports 3 and 4. Similar details, as in the previous circuit
case, are visible on the picture: the 50 ) integrated resistors
connected at unused ports and the traces of the picoprobes
on gold layer metallization after measurement.

Figures 7 to 9 show measurement results for S parameter
magnitudes and phases of this rat-race coupler.

Figure 7 shows that the measured input return loss
and isolation values are better than 15dB over the whole
considered frequency band, from 60 to 65 GHz. The isolation
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FIGURE 7: Measured input return loss for the rat-race coupler.
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FIGURE 8: Measured transmission S parameter magnitudes for the
rat-race coupler.

S,4 reaches an exceptional value, of at least 35 dB, due to the
constant characteristic impedance over the ring. There are no
steps in line width, which improves millimeter wave isolation.

As regards the transmitted power plotted in Figure 8, a
quasi-equal split between the two outputs over the whole
frequency range of interest is observed. The measured unbal-
ancing is less than 0.5 dB, comparable with the intrinsic error
of the VNA.

Figure 9 shows the measurement of the transmission
phase difference between the output ports. The phase differ-
ence value is equal to 180°, with a corresponding of phase
error of +5° over the considered frequency band. This error
is close to 0° at the central frequency allowed for V-band
communications (60.5 GHz).
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FIGURE 9: Measured transmission S parameter phase difference for
the rat-race coupler.

FIGURE 10: Microphotograph of the Wilkinson power divider/
combiner.

The rat-race coupler performances are ideal to design
a V-band six-port-based downconverter using the quasi-
conventional architecture (with two pairs of antiparallel
diodes connected to rat-race quadrature outputs), similar to
those presented in [13] for automotive radars, at 77 GHz.

It is known that a conventional mixer uses such a rat-
race coupler and a pair of antiparallel diodes. The six-port
downconverter design is completed by adding a 90" hybrid
coupler to LO port and a Wilkinson at RF port and two diode
mixers [14].

3.3. Wilkinson Power Divider/Combiner. Figure 10 shows the
microphotograph of a novel rounded shape Wilkinson power
divider [15] along with the transition from the coplanar wave
to the microstrip line, requested for on wafer measurements.
This circuit of Figure 10 is prepared for the port 2 to port
1 measurement. A second circuit, fabricated on the same
ceramic die (see Figurel), is used to measure isolation
between ports 2 and 3.
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FIGURE 11: Measured return loss for the Wilkinson power divider/
combiner.

In order to avoid via holes, as in previous measurements,
the 50 Q) loads use a quarter wavelength open stub as
millimeter wave RF short circuit (see port 3).

Figures 11 to 13 show measurement results of the novel
Wilkinson power divider/combiner S parameters (magnitude
and phase).

As seen in Figure 11, the measured return losses have
very good values. The port 2 return loss result is probably
due to deviations from 50 Q) values of the integrated load
in the corresponding measurement circuit. However, due to
the symmetry of the Wilkinson, the results must be closer to
those obtained at port 3 using the second circuit. The isolation
between two output/input ports of the divider/combiner, S,;,
reaches also a very good value of around 25 dB over the whole
band.

The power is almost equally split over the band, as
illustrated in Figure 12; the magnitude unbalance is around
0.1dB.

The phase difference between the two outputs is less than
2° over the considered band, as shown in Figure 13.

The glitches at 60.5 GHz are due to an internal error of
our VNA millimeter wave heads, which cannot be totally
cancelled by calibration. It remains in the tolerance measure-
ments of VNA, for both magnitude and phase measurements.

When the power divider circuit is part of a six-port, same
conclusion as for previous circuits, the low values of magni-
tudes and phases unbalances are considered appropriate for
the use of the six-port in modulation/demodulation schemes
having up to 16 symbols.

3.4. Six-Port Circuit Characterization. Six-port (multiport)
quadrature downconversion and direct modulation is an
innovative approach in millimeter wave technology. A com-
plete theory, validated by various simulations and mea-
surements of V-band direct conversion receivers, has been
published in recent years [14, 16].
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FIGURE 13: Measured transmission S parameter phase difference for
the Wilkinson power divider/combiner.

Figure 14 shows the block diagram of the proposed six-
port, composed by a Wilkinson power divider and three
90° hybrid couplers. As usually noted in all our previous
publications, in a six-port downconverter, the port 6 is
connected to the RF signal and the port 5 is connected to
the LO signal; the other four output ports (1, 2, 3, and 4) are
connected to power detectors [14].

In downconversion techniques, it has been demonstrated
that the six-port technology allows improved results in
terms of conversion loss and requires reduced LO power,
as compared to the conventional methods (as low as —20
to —25dBm to perform an efficient frequency conversion)
[14]. On the other hand, a conventional diode mixer using
antiparallel diodes acting at LO-driven switches requires
around +10 dBm LO power for the same conversion loss. The
excellent isolation between the six-port RF inputs is another
important advantage versus the conventional approach [14].
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A novel six-port circuit, having an improved symmetry
and rounded shapes, has been designed using the novel
Wilkinson power divider/combiner and the 90° hybrid cou-
plers presented in previous Sections 3.3 and 3.1, respectively.
The central design frequency is 60.5 GHz, in the middle of
allowed band of 57-64 GHz.

Measurements are performed, as explained for other
circuits from 60 GHz, due to our measurement equipment
capabilities. Once again, extrapolation of measurements and
comparison with simulations help us to estimate the circuit
behavior from 57 to 60 GHz.

The microphotograph in Figure 15 shows the six-port cir-
cuit prepared for port 2 to port 5 measurements. As requested,
all other ports are terminated by adapted loads, integrated
on the same substrate. The outer six-port dimensions are
approximately 6.5 mm x 6.5 mm.

In order to measure the most important six-port S
parameters (such as RF-LO ports isolation Sgs, input match
at ports, power transmission between the RF and LO ports
to the outputs, and the phase difference between transmitted
signals), five six-port circuits have been integrated in the same
alumina die, along with other basic circuits and required
calibration standards (see Figure 1).

Figures 16 to 21 show some typical measurement results,
according to the port numbers specified in Figures 14 and 15.

Figure 16 shows the measured return loss at port 6 (RF
input) and port 5 (LO input) and isolation between them. At
the central operating frequency of V-band systems, all values
are better than 20 dB. In addition, the measured values are
better than 15 dB at the highest frequency allowed for V-band
communications, 64 GHz.

Figure 17 shows the power splitting between the LO port
and two adjacent output ports, S,5 and S,5. As compared to
the theoretical value of —6 dB, very good results are obtained
over the band. The supplementary insertion loss is around
1dB at the central frequency and reaches 1.5 dB at the edge.
The magnitude unbalance is close to 0 dB at 62.5 GHz and less
than 0.5 dB over the entire band.

The power splitting between the RF port (port 6) and
two adjacent output ports, S;c and S;4, is also shown in
Figure 18. Good results have been obtained over the consid-
ered frequency band. These results show less than 1.5dB of
supplementary insertion loss, while the magnitude unbalance
between requested ports (port 1 and port 3) does not exceed
0.6 dB in the whole frequency band of interest.

The measured return losses at output ports are illustrated
in Figure 19. At the central operating frequency of V-band
systems, all values are better than 25 dB, keeping good values
over the band.

Figure 20 shows the phase difference between the two
typical transmission S parameters, Sg, and Ss,. It can be seen
that the measured phase difference between these two outputs
is close to the quadratic reference of 90°, as expected. The
observed phase difference error is less than +2° up to 64 GHz.

As regards the phase difference between the two typical
transmission S parameters, Sq; and Sq;, depicted in Figure 21,
it shows two quasi-parallel characteristics. The phase
difference between two requested ports (port 1, port 3) is
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the proposed six-port circuit.
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Ss,) for the proposed six-port circuit.

close to 90°. The phase difference error is approximately 3° in
the entire frequency band of interest.

4. Conclusion

Novel V-band MHMICs, including a rounded shape six-port
circuit, have been presented in this paper. In order to improve
circuits’ performances, these MHMICs are fabricated in
microstrip technology on very thin ceramic substrate.
Measurement results show that the proposed circuits are
wideband components. The measured supplementary inser-
tion losses, amplitude, and phase unbalancements are consid-
ered more than acceptable to build modulators/demodulators
for modulation schemes having up to 16 symbols (BPSK to 16
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QAM, PSK, or dual star). Keeping in the account the 7 GHz
bandwidth allowed for V-band communication systems, the
data-rates can reach quasi-optical values.

Six-port computer models have been implemented from
the previous full-port measurements of Wilkinson and cou-
plers. The two-port measurements of each circuit on die
have been imported into ADS using data access components
(DAC). Each model uses multiple DAC, interconnected
according to the corresponding schematic of the six-port.
The S parameter simulation results, using the six-port model
developed from these basic building boxes, agree with the
measurements of the five six-port circuits presented in this
paper. Therefore, the computer models will be considered for
advanced system simulations of high-speed V-band wireless
communication systems.

In conclusion, this new fabrication run has allowed us
to improve the performances of the six-port circuit in order
to be integrated in our future design of an entire millimeter
wave front-end on a 2.54 cm x 2.54 cm thin ceramic substrate.
The die will integrate a 2 x 8 elements patch antenna array,
a MMIC low noise amplifier, and a six-port quadrature
downconverter.
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