
1374 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 8, AUGUST 2001

A DirectKu-Band Linear Subharmonically Pumped
BPSK and I/Q Vector Modulator in Multilayer

Thin-Film MCM-D
Geert J. Carchon, Student Member, IEEE, Dominique M. M.-P. Schreurs, Member, IEEE, Walter De Raedt,

Paul Van Loock, and Bart K. J. C. Nauwelaers, Senior Member, IEEE

Abstract—A direct -band linear subharmonically pumped
binary phase-shift keying (BPSK) and in-phase/quadrature
(I/Q) vector modulator have been developed using multilayer
thin-film multichip module (MCM-D) technology. All passives
are integrated in the low cost MCM-D substrate. To the authors
knowledge, this is the first modulator based on thin-film integrated
passive components. The subharmonic mixing is performed using
a beam-lead antiparallel diode pair mounted onto the MCM using
thermocompression. A custom diode model has been developed
and verified using nonlinear network analyzer measurements:
an excellent agreement between the measured and simulated
powers and phases for more than nine harmonics is demonstrated.
Additionally, it is shown that an optimal reactive termination for
the third harmonic of the local oscillator (LO) exists such that a
very flat BPSK mixer conversion is obtained. This is validated
by measurements that indicate a 0.25-dB variation on the
conversion loss for an LO frequency varying from 6.8 to 7.6 GHz.
The I/Q vector modulator consists of a Wilkinson power divider, a
coplanar-waveguide Lange coupler, and two BPSK modulators. It
has a measured image rejection better than 27 dB over the RF
range of 13.4–15.2-GHz band (corresponding to a vector phase
and amplitude error lower than 2 and 1%). The image rejection
is even better than 32 dB over the very small aperture terminal
band (RF: 14–14.5 GHz).

Index Terms—BPSK modulator, integrated passives, MCM-D,
QPSK modulator.

I. INTRODUCTION

Z ERO-IF or direct digital modulation at microwave fre-
quencies has gained considerable interest for some years

now due to the simplicity and compactness of the transmitter
[1]–[4]. Compared to modulation schemes using one or more IF
frequencies, it offers several advantages such as a reduction in
power consumption, board space, hardware (upconvertors and
filters), and the achievement of high-modulation bandwidths.
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Typical applications are found in satellite transmission with
on-board signal processing and microwave digital radio links.

Subharmonic mixing is attractive due to the inherent local
oscillator (LO)/RF isolation. For mixing at an even harmonic
of the LO, subharmonic mixers (SHMs) typically use a non-
linear device with an antisymmetric current–voltage character-
istic such as an antiparallel Schottky barrier diode pair [5].

Recent realizations primarily use GaAs monolithic-mi-
crowave integrated-circuit (MMIC) technology [1]–[4], which
results in an expensive solution. Moreover, only a small part of
the chip area is consumed by the active devices such as buffer
transistors and diodes. Another more cost-effective solution
is to use multilayer thin-film multichip module (MCM-D)
technology. It offers a very high reproducibility of small
dimensions and is, therefore, a promising technology for the
low-cost integration of RF and microwave circuits [6], [7].
Moreover, the availability of low-loss transmission lines and
high- inductors allows the realization of filters and matching
circuits with losses that are significantly lower as compared to
MMIC technologies [8].

Traditionally, MCM-D has been developed as a high-perfor-
mance packaging and interconnect technology. With the avail-
ability of high-performance integrated passives, a high degree
of integration can be obtained, hereby reducing size and weight,
but also cost and power consumption, as compared to previous
hybrid solutions. Up to now, integrated passives have primarily
been focused toward passive applications at lower microwave
frequencies; however, they can also be used for the realization
of more complex microwave circuits.

In this paper, a direct linear subharmonically pumped
-band binary phase-shift keying (BPSK) and in-phase/

quadrature (I/Q) vector modulator in multilayer thin-film
MCM-D are presented. All passives are integrated using the
low-cost high-performance MCM-D technology. No tuning on
the circuits has been performed. To the authors knowledge,
this is the first modulator based on thin-film integrated passive
components. Additionally, it is shown that an optimal reactive
termination for the third harmonic of the LO exists such that a
very flat BPSK mixer conversion is obtained. This is validated
by measurements that indicate a0.25-dB variation on the
conversion loss for an LO frequency varying from 6.8 to
7.6 GHz.

In Section II, we will briefly introduce the MCM-D tech-
nology and available passive components. In Section III, the de-
veloped nonlinear diode model will be validated using nonlinear
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Fig. 1. Layer buildup of IMEC’s MCM-D technology.

network analyzer measurements. The design method and mea-
sured results of the BPSK modulator will be given in Section IV,
while in Section V, the design and measurements of the QPSK
modulator will be discussed.

II. I NTEGRATED PASSIVESMCM-D TECHNOLOGY

The used MCM-D technology (the layer buildup is shown
in Fig. 1) consists of alternating thin layers of photosensitive
benzo-cyclobutene (BCB) dielectric (Cyclotene from Dow
Chemical, Midland, MI) and low-loss copper metallizations
deposited on a borosilicate glass carrier substrate ( ,

). The BCB dielectric has very low dielectric
losses ( ), a low dielectric constant ( ),
and a low moisture absorption. The material is spin coated in
5- m-thin films and then developed and cured. The curing
temperature profile of BCB does not exceed 250C, which is
significantly lower than for most other dielectric materials (such
as, e.g., polyimide). The 3-m-thick copper metal layer is sand-
wiched between two 30-nm-thick titanium layers, rendering
good adhesion. This metal layer is realized by electroplating on
a thin titanium–copper seed layer. Via holes through the BCB
dielectric allow the connection of the different metal layers.
The vias have a typical diameter of 30m, although smaller
values are possible.

A coplanar waveguide (CPW) design methodology is used,
as this has several advantages over the more traditional mi-
crostrip approach. No through-substrate vias are required and
backside wafer processing is omitted. The standard CPW line
is located on the middle low-loss Cu metal layer. Typical losses
are 0.07 dB/mm at 20 GHz for the standard 50-line (77- m
width, 20- m slot).

The TaN resistors (typical value of 25/ ) and TaO capac-
itors are realized immediately on the carrier substrate, as they
require a high-temperature annealing step. This is not compat-
ible with the relatively low-temperature steps for the subsequent
BCB layers.

Two types of metal–insulator–metal (MIM) capacitors can
be used. For the larger capacitance values, a layer of anodized
tantalum (720 pF/mm) is realized on the glass carrier sub-
strate. These TaO capacitors are contacted with Al-based con-
tact metal. For the small capacitors (4.7 pF or 9.4 pF/mm, de-
pending on the type), BCB is used as the insulating dielectric.

High- spiral inductors are integrated in the Cu metal layer
in a coplanar style. Layouts separately optimized for low cost
(corresponding to narrow strips and slots and a small gap to
the ground plane) or high performance (wider strips and slots
and a larger distance to the ground plane) are available. The

Fig. 2. Model used for the APDP, excluding the mounting pads.

quality factors of the inductors may go above 100 at 10 GHz (in-
ductances 1.7 nH). Naturally, for larger inductances, a lower
quality factor will be obtained due to the increased losses and
capacitive coupling between the turns. However, an inductor of
18 nH still has a maximum of 38 at 2 GHz, while a 40-nH
inductor still has a of 29 at 1 GHz. The values are, there-
fore, significantly higher than those reported on MMICs. This
will allow the realization of low-loss filters, hereby resulting in
an improved conversion loss.

All passive components and discontinuities have been mod-
eled and integrated in a design library [9]–[12], which allows
the realization of a variety of low-loss passive circuits [8].

III. D IODE MODEL

Besides accurate scalable models for the integrated passives,
a good diode model is required. We have used the GaAs
HSCH-9251 beam-lead antiparallel diode pair (APDP) to
perform the subharmonic mixing. It has been mounted on the
MCM using thermocompression.

The custom model for the beam-lead APDP, excluding the
mounting pads, is shown in Fig. 2. The simulator’s (Agilent
ADS, Santa Rosa, CA) built-in diode model was used to rep-
resent the intrinsic diodes, as this allows to easily evaluate the
sensitivity of the overall circuit performance to the intrinsic
diode parameters. The mounting parasitics (feeding lines) were
modeled using the equivalent models of the custom design li-
brary. The intrinsic and extrinsic parameters have been con-
structed based on dc- and-parameter measurements of the
corresponding single diode (HSCH-9101) (using the procedure
outlined in [13] and [14]).

The diode model has been verified using two-port nonlinear
network analyzer measurements [15]. An excellent agreement
can be observed between the measured and simulated powers
and phases for more than nine harmonics in Fig. 3. The mea-
surements have been performed on a single diode in series con-
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Fig. 3. Simulated (�) versus measured (marks) power (left-hand side) and phase (right-hand side) at the fundamental (9.5 dBm at 1 GHz) and harmonics: (�)
fundamental, (�) second, (r) third, (�) fourth, ( ) fifth, ( ) sixth, (�) seventh, (�) eighth, and (+) ninth harmonic.

figuration, excited with 9.5 dBm at 1 GHz (cathode). The funda-
mental and harmonics were measured at the output port (anode)
for different dc-biasing conditions applied at the anode.

IV. BPSK MODULATOR

The I/Q linear vector modulator has been developed for very
small aperture terminal (VSAT) applications (RF: 14–14.5 GHz,
subharmonic LO: 7–7.25 GHz). The design band of the modu-
lators was taken in the 13.6–14.9-GHz range.

A. Architecture and Harmonic Termination

The mixer uses the APDP mounted in a shunt-to-ground con-
figuration [16] in combination with a triplexer structure.

One of the key requirements of the BPSK modulator was to
obtain a very flat conversion loss as a function of LO frequency.
A good and constant LO and RF return loss are also important
when the BPSK mixer is used in the realization of the I/Q mod-
ulator. This will be obtained by an optimal harmonic loading of
the third harmonic of the LO.

The conversion loss and input impedances heavily depend on
the phase of the reactive termination of the third harmonic of
the LO. This can be concluded from Fig. 4, where the simulated

LO-, RF- and IF-input impedance and the IF-to-RF conversion
loss are given as a function of the phase of the third harmonic
reactive termination of the LO. The simulation was performed at
7 GHz and ideal bandpass filters were assumed in the triplexer
structure of the SHM. All other harmonics (fourth and higher) of
the LO were terminated on a short. The latter termination was,
however, not so important.

We may conclude that if the third harmonic is terminated with
the proper phase, a flat LO-, RF-, and IF-input impedance may
be obtained over a reasonable bandwidth. This is essential to ob-
tain a good and constant matching (one should keep in mind that
the conversion and embedding impedances should be constant
over a range of phases as, e.g., a line at 7 GHz, already re-
sults in a phase variation of about 25over the 20.4–22.35-GHz
band). Naturally, the conversion loss is related to the embedding
impedances. A flat conversion loss can be obtained in the same
region.

B. Design

The architectural implementation of the triplexer is shown in
Fig. 5. The requirements on the IF and RF filter are only mod-
erate due to the presence of the LO block filter. The IF filter is
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Fig. 4. LO, IF, and RF input impedance (�: real part,r: imaginary part) and IF-to-RF conversion as a function of the phase of the reactive termination of the
third harmonic of the LO (10-dBm input power at 7 GHz,IF = 10 MHz, RF = 14:01 GHz).

Fig. 5. Architectural implementation of the BPSK modulator.

a fourth-order low-pass filter, providing an open at the RF fre-
quency. The RF filter is a third-order high-pass filter, providing
an open at the IF frequency.

is a transmission line at 7.1 GHz, which provides
a short at point B for the LO and the third harmonic. Hence, the
harmonic termination is well defined at point B and is not in-
fluenced by circuits cascaded with the BPSK modulator.
can be tuned in combination with the LO filter to provide an op-
timal third harmonic termination at point A, while at the same
time, matching the diode at the LO frequency. Other require-
ments for the LO filter are to provide an open at the RF and IF
frequencies.

The LO filter has been realized as a fourth-order low-pass
filter cascaded by a third-order high-pass filter, as this allowed
to simultaneously fulfill all constraints. Due to the low-pass
filter structure, the harmonic termination is well defined at
point A and is not influenced by the impedances presented
by the circuits cascaded with the modulator. The incorporated
low-pass filter further offers embedded filtering for the second
harmonic of the output spectrum of the voltage-controlled
oscillator (VCO).

Fig. 6. Measured (�) versus simulated (�) conversion loss as a function of LO
frequency.

The APDP is pumped with 10-dBm LO power. The circuit
measures 3.3 14.1 mm . DC biasing is not required.

C. Measurements

The measured versus simulated conversion loss as a func-
tion of LO frequency is given in Fig. 6. An excellent agreement
can be observed, which indicates the high quality of the used
models. A very flat behavior (10.8 0.3) dB is obtained due
to the correct harmonic loading of the third harmonic of the LO.

The measured phase balance (using the nonlinear network
measurement system) of the BPSK modulator is shown in
Fig. 7. Over the 13.0–15.2-GHz band, the phase balance is
nearly perfect and equals (1800.5 ). This is due to the good
current–voltage characteristics of the APDP.

The LO return loss is better than14 dB over the 6.8–
7.6-GHz band, while the RF return loss is better than12.5 dB
over the 13.6–15.4-GHz band.
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Fig. 7. Measured phase balance of the BPSK modulator.

Fig. 8. Measured output spectrum of the BPSK modulator: a linear output
power of �10 dBm per sidelobe is possible with the harmonics of the
modulating frequency below�31 dB.

The modulator has a maximum linear output power of
10 dBm (in each sideband) with the harmonics of the modu-

lating frequency remaining below31 dB. The suppression of
the LO fundamental is 30 dB at the output (20 dBm), while
the second harmonic of the LO is more than40 dB below the
BPSK signal. The corresponding output spectrum is shown in
Fig. 8.

When the modulator is used in a system, the second harmonic
of the VCO should be suppressed. This is also performed by the
LO filter having a measured22-dB suppression of the second
harmonic of the LO.

V. LINEAR I/Q VECTORMODULATOR

The chip was designed to perform QPSK modulation, how-
ever, as it is a linear vector modulator, any digital modulation
scheme can be implemented.

The architecture of the QPSK modulator is shown in Fig. 9:
the modulator is obtained by combining two BPSK subhar-
monic modulators, a Wilkinson power divider, and a CPW
Lange coupler. The Wilkinson power divider is used to split the
LO power and isolate the BPSK modulators. The quadrature
coupler is used for the summation of the output of the BPSK
modulators, hereby providing 90phase shift. It should also
isolate both BPSK modulators. A Lange coupler has been se-
lected due to its good isolation, amplitude, and phase balance.

Fig. 9. Architecture of the realized QPSK modulator.

Fig. 10. Implemented distributed Wilkinson power divider.

Tunable on-chip phase shifters and buffer amplifiers (to in-
crease the isolation between the APDPs) have not been added.
This tightens the requirements on the Lange couplers return loss
and isolation, but also on the BPSK RF return loss. However, the
resulting I/Q vector modulator does not require any dc biasing
or tuning and can be realized with a minimum number of ex-
ternal components.

A. Passive Circuits

1) Wilkinson Power Divider:The Wilkinson power divider
has been developed using the custom design library [9]. A fully
distributed design (Fig. 10) was selected, as it allows an easy
layout of the modulator. Smaller realizations with comparable
performance are, however, also possible [17].

Over the 6.5–7.6-GHz band, the Wilkinson power divider has
a measured return loss better than22 dB, an isolation better
than 25 dB with only 3.33-dB insertion loss (3 dB is due
to the power split). An excellent correspondence between the
measured and simulated-parameters has been obtained, as can
be seen from Figs. 11 and 12. This indicates the high accuracy
that can be obtained using the MCM-D passive components and
models.

2) Quadrature Lange Coupler:The design method for the
CPW Lange couplers has been outlined in [18]. A picture is
shown in Fig. 13, and the measured results are shown in Figs. 14
and 15. In the 10.5–14.5-GHz band, the Lange coupler has a
measured return loss and isolation better than20 dB, an am-
plitude balance below 0.2 dB and a phase balance of (901 ).
A low insertion loss of 3.35 dB has been obtained (3 dB is
due to the power split). This can be attributed to the Cu metal-
lizations and the low-loss dielectrics.

B. Design

Due to the finite isolation of the Lange coupler and the finite
RF return loss of the BPSK modulators, small phase imperfec-
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(a)

(b)

Fig. 11. Measured (full) versus simulated (open): (a) return loss and (b) thru
for the Wilkinson power divider.

Fig. 12. Measured (�) versus simulated (�) isolation for the Wilkinson power
divider.

Fig. 13. CPW Lange coupler.

tions occur in the resulting QPSK constellation. This has been
compensated by cascading a short high- and low-impedance
line with the top and bottom BPSK modulator. The terminating
impedance of the Lange coupler’s fourth port was also opti-
mized to obtain a perfect amplitude and phase balance. The de-
veloped QPSK modulator is shown in Fig. 16. The circuit mea-
sures 7.6 16.9 mm .

(a)

(b)

Fig. 14. Measured thru (�) and coupled (�): (a) port and (b) return loss (�)
and isolation (�) for the four-finger CPW Lange coupler.

Fig. 15. Measured amplitude (�) and phase (�) balance for the CPW Lange
coupler.

C. Measurements

Both spectral as constellation measurements have been per-
formed.

As each BPSK modulator is pumped with 10 dBm, the total
required LO power for the I/Q vector modulator is 13 dBm. At
the output, the fundamental is more than30 dB lower over the
entire design band.

The measurement of the single-sideband (SSB) spectrum is
very useful for the characterization of the modulator, as it di-
rectly reveals the rejection of all undesired frequency compo-
nents and circuit imperfections: carrier, image (due to quadra-
ture imperfections), and in-band spurious responses (due to non-
linearity of the modulation) [3]. For this purpose, an orthogonal
I and Q signal are applied to the modulator.

The measured SSB output spectrum ( GHz) is
shown in Fig. 17: a maximum linear output power of10 dBm
is possible (harmonics of the modulating frequency below
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Fig. 16. Developed I/Q vector modulator.

Fig. 17. Measured SSB output spectrum: a linear output power of�10 dBm
is possible with the harmonics of the modulating frequency below�34 dB.

Fig. 18. Measured image rejection (-� -) as a function of LO frequency.

34 dB). The measured image rejection is34 dB, while the
carrier suppression (2 LO) is 43 dB.

The image rejection has also been measured as a function of
LO frequency (Fig. 18): in the design band, the image rejection
is better than 28 dB, while in the VSAT band, the image re-
jection is even better than32 dB. It should be emphasized that
this result has been obtained without any on- or off-chip ampli-
tude or phase tuning.

Constellation measurements have been performed, which
confirm the previous results. The measured vector amplitude

Fig. 19. Measured vector phase (-� -) and amplitude (-� -) error as a function
of LO frequency.

Fig. 20. Measured QPSK constellation: a nearly perfect constellation can be
observed.

and phase error are given in Fig. 19: the vector phase error
remains below 2and 0.2 dB over the 6.7–7.6-GHz band. The
low vector amplitude and phase error result in a nearly perfect
constellation, as can be seen in Fig. 20.

The LO return loss of the modulator is better than13 dB,
while the RF return loss is better than18 dB. The flatness
of the output spectrum is somewhat lower than for the BPSK
modulator due to the presence of the Lange coupler; however,
the conversion loss is still in the range of (14 0.5) dB over
the 6.8–7.5-GHz LO band.
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VI. CONCLUSION

A direct -band linear subharmonically pumped BPSK
and I/Q vector modulator has been developed using multilayer
thin-film MCM-D technology. All passives are integrated in the
lowcostMCM-Dsubstrate,while thesubharmonicmixing isper-
formed using a beam-lead APDP, mounted onto the MCM using
thermocompression. To the authors knowledge, this is the first
modulator based on thin-film integrated passive components.

The custom diode model has been verified using nonlinear
network analyzer measurements and an excellent agreement has
been demonstrated between the measured and simulated powers
and phases for more than nine harmonics. It is shown that an op-
timal reactive termination for the third harmonic of the LO ex-
ists such that a very flat mixer conversion loss can be obtained.
The input impedances are constant in the same region, which is
required to obtain good and constant LO and RF matching. The
proposed design method was confirmed by the BPSK measure-
ments showing only a 0.25-dB variation on the conversion loss
for an LO frequency varying from 6.8 to 7.6 GHz. The measured
and simulated conversion loss were in excellent agreement.

The I/Q vector modulator consists of a Wilkinson power di-
vider, a CPW Lange coupler, and two BPSK modulators. The re-
sulting QPSK modulator has a measured image rejection better
than 32 dB over the VSAT operation band (RF: 14–14.5 GHz).

These results have been obtained without any on- or off-chip
amplitude or phase tuning. The circuit also does not require any
dc bias.
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