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A 1–170-GHz Distributed Down-Converter MMIC
in 35-nm Gate-Length InGaAs

mHEMT Technology
Fabian Thome , Sandrine Wagner, and Arnulf Leuther

Abstract— This letter demonstrates two distributed down-
converter monolithic microwave integrated circuits (MMICs).
MMIC1 contains a distributed down-conversion mixer and
MMIC2 expands MMIC1 by an eight-cell distributed local oscil-
lator (LO) driver amplifier. The letter includes an investigation
of the optimal gate width for each of the transistors in the stack
of the source-feedback mixer cells. The MMICs are fabricated in
the Fraunhofer Institute for Applied Solid State Physics (IAF),
Freiburg im Breisgau, Germany, 35-nm gate-length metamorphic
high-electron-mobility transistor technology. MMIC2 achieves a
conversion gain (CG) of better than −4.2 dB over a 1–170 GHz
radio frequency (RF) bandwidth (BW) at a fixed intermediate
frequency (IF) of 0.1 GHz. The LO power (PLO) of MMIC2 is only
−1 dBm. Furthermore, the mixer has a variable gain feature.
By adjusting PLO, the CG can be controlled without affecting
the RF-input-power-related 1-dB CG compression of −1.7 dBm.
To the best of the authors’ knowledge, this work demonstrates
the largest BW for distributed down-conversion mixers and for
distributed mixers (DMs) with a sliding LO.

Index Terms— Distributed amplifiers (DAs), distributed mixers
(DMs), high-electron-mobility transistors (HEMTs), metamor-
phic HEMTs (mHEMTs), millimeter wave (mmW), monolithic
microwave integrated circuits (MMICs), thin-film microstrip
transmission lines (TFMSLs), traveling-wave amplifiers (TWAs).

I. INTRODUCTION

IN RECENT work, we demonstrated distributed ampli-
fiers (DAs) with more than a 300-GHz bandwidth (BW)

with a low noise figure and a high output power [1], [2].
Furthermore, other groups and technologies demonstrated
BWs of up to 241 GHz [3]–[9]. These results stimulate
integrated solutions for various applications, for example,
in measurement and sensing equipment. Therefore, not only
applications with a close to 200% relative BW can benefit
from distributed topologies, but also for banded but still
wideband systems, such as full waveguide bands, distributed
approaches [10], [11] might be an attractive alternative to
standard reactively matched components. However, further
developments on several distributed building blocks are needed
for integrated systems. Mixers are essential components to
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TABLE I

STATE-OF-THE-ART DM MMICS

make the radio frequency (RF) signal available to baseband
and intermediate frequency (IF) post-processing. Thus, mixer
circuits with similarly high BWs as DAs are required.

In literature, the largest RF BWs for mixers are demon-
strated for an up-conversion mixer from 0 to 194 GHz with
a fixed local oscillator (LO) frequency at 97.2 GHz [12].
However, for down-conversion mixers and mixers with a
sliding LO, the reported BWs do not exceed 100 GHz [13].
In [14], a distributed mixer (DM) with a BW of 5–50 GHz
using source-feedback mixer cells is published. Table I sum-
marizes the state-of-the-art DM monolithic microwave inte-
grated circuits (MMICs).

This work presents the design and characterization of dis-
tributed down-conversion mixer MMICs. The design targets
a 170-GHz BW with an option to extend it to 300 GHz
with future work. Therefore, this letter demonstrates a DM
[MMIC1, see Fig. 1(a)] as a stand-alone circuit and integrated
with a distributed LO driver amplifier [MMIC2, see Fig. 1(b)].
The RF input power for 1-dB gain compression (IP1 dB) should
be as high as possible, whereas the required LO power (PLO)
for MMIC2 should not exceed 0 dBm. The letter is organized
as follows: Section II discusses the design of the DM core
including an investigation of the optimal gate width (Wg) for
each transistor. Section III presents the on-wafer measurement
results and Section IV concludes the letter and compares the
results to the state of the art.

II. DISTRIBUTED DOWN-CONVERTER MMIC DESIGN

The utilized mixer topology features a distributed con-
cept. A simplified schematic of the mixer is illustrated
in Fig. 1(c). The MMICs are designed and fabricated
in a 35-nm gate-length metamorphic high-electron-mobility
transistor (mHEMT) technology [19] and utilize thin-film
microstrip transmission lines (TFMSLs) using the first metal
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Fig. 1. Chip photographs of the fabricated MMICs with (a) MMIC1: the DM
stand-alone and (b) MMIC2: including an integrated distributed LO driver
amplifier. The total chip sizes are (a) 1 × 1 mm2 and (b) 1.5 × 1 mm2.
Without RF and dc pads, the circuits occupy an area of (a) 500 × 260 μm2

and (b) 1100 × 370 μm2. (c) Simplified schematics of MMIC1.

layer as ground plane and the 2.7-μm-thick third metal as
signal strips [1].

The unit cell (UC) is based on a source-feedback mixer,
which consists, in general, of at least two transistors in a
stacked configuration. The lower transistor (M1) operates in
the ohmic region. The LO input signal switches M1 ON and
OFF and by that modulates the source current of the upper
transistor (M2). M2 is biased and operated in an amplifier
mode (class AB bias). The RF input signal is injected at
the gate of M2 so that M2 is in a common-source (CS)
configuration. Occasionally, a third transistor (M3) is stacked
on top of M2, mainly to increase CG. Consequently, the upper
part of the DM (M2 and M3) can be understood as a DA with
a modulated resistive source feedback, realized by M1.

An essential design step of an DM with source-feedback
UCs are the gate widths of M1 (Wg,M1) and M2 (Wg,M23).
Commonly, M3 uses as well Wg,M23 (due to a symmetric
RF-cascode operation of M2 and M3). On the one hand,
Wg,M1 should be considerably large since the ON-resistance
of M1 (RON,M1) reduces the effective transconductance of M2
(gm,M23). This can be seen by adopting the well-known relation
of the intrinsic and extrinsic transconductance of a transistor

gm,M23 = gm,meas · Wg,M23

1 + RON,M1 · gm,meas · Wg,M23
. (1)

On the other hand, the input capacitance of M1 (Cin,M1) and
by that Wg,M1 limits the achievable BW of this DM since, as it
is the case for all distributed circuit topologies, Cin,M1 adds
to an artificial LO transmission line (ATLLO). Consequently,
since Cin,M1 is the largest input capacitance out of the three
transistors, the cut-off frequency of this ATLLO limits the
BW of this DM. Capacitive division with a series capacitor
in front of M1 can help to increase Wg,M1 for a given BW
or vice versa. However, even then the increase of Wg,M1 or
BW runs into practical limitations since, in general, the design
rules of minimal MIM capacitors will not allow to go below

certain dimensions. Furthermore, reducing the series MIM
capacitor more and more lowers as well the power reaching
M1, which results in an increased required PLO.

For determining Wg,M1 and Wg,M23, the decision criterion is
the effective transition frequency ( fT) of M2 ( fT,M23) if M1 is
used as resistive source feedback. This serves as a measure
for the available gain of the DA part of the DM. Commonly,
fT as a function of Wg shows a drop toward a small Wg. This
is due to a non-scaling capacitance (Cpad), whereas the major
part of the gate–source capacitance (Cgs) scales linearly with
Wg. The corresponding equation of the effective fT of a CS
transistor (neglecting Cgd) is given as

fT,eff = 1

2π

gm · Wg

Cpad + Cgs · Wg
= 1

2π

gm

Cgs

Wg

Cpad/Cgs + Wg
(2)

where Cgs and the transconductance (gm) are normalized
to Wg. Since, due to the resistive source feedback, RON,M1

limits gm,M23, fT,M23 exhibits a local maximum. This can be
shown by inserting (1) as gm into (2)

fT,M23 = Wg,M23

Cpad/Cgs + Wg,M23

fT

1 + RON,M1 · gm,meas · Wg,M23
.

(3)

Based on measured S-parameters of several two-finger
transistors (bias: drain voltage 0.8 V and drain current
300 mA/mm), (2) is fit to the corresponding fT values. Based
on dc measurements at this bias, gm,meas is 2.1 S/mm. The
extraction of the parameters of (2) results in a Wg-independent
fT of 412.5 GHz, a Cgs of 0.81 pF/mm, and a Cpad of 2.96 fF.

The effective input capacitance of the series connection of
Cin,M1 and an MIM capacitor should be approx. 20 fF to enable
a Bragg frequency of 300 GHz. When assuming a 50-fF MIM
capacitor, the corresponding maximum Wg,M1 (based on the
above-mentioned Cgs) is 2 × 20 μm. This is also the used
value in this design. Based on an ON-resistance of the tech-
nology of 0.3 � · mm, RON,M1 is 7.5 �. Thus, for this design,
fT,M23 versus Wg,M23 achieves a maximum at 15–16 μm.
Consequently, M2 and M3 use a Wg,M23 of 2 × 8 μm.

The DM uses three UCs, which is a trade-off between a
higher CG (for more UCs) and a reduced PLO requirement
(for fewer UCs). The series capacitor at the LO line of the
first UC is reduced to 30 fF so that the transferred PLO to all
M1 transistors is approximately identical. The LO, RF, and IF
transmission lines are designed in a conventional way to match
the corresponding capacitance and to fulfill the synchronism
of signals on the artificial RF, LO, and IF lines. The IF output
is, in general, considerably wideband as well. However, since
this work targets IFs in the range of only 0.1 GHz, a 1.9-pF
capacitor is used to block LO and RF signals on the IF line,
which improves the LO-to-IF and RF-to-IF isolation. The gate
voltage of M2 is fed via the termination resistor of the RF
line. For a flat CG down to low frequencies (LFs), the RF line
requires an off-chip LF extension as it is described in [20].

A chip photograph of the fabricated MMIC1 (mixer stand-
alone) is depicted in Fig. 1(a). MMIC2 includes the DM of
MMIC1 and an LO driver amplifier, which is an available
building block [1]. The amplifier is based on an eight-cell
distributed circuit topology and provides sufficient power to
drive the DM at least up to LO frequencies of 170 GHz.
A chip photograph of MMIC2 is illustrated in Fig. 1(b).
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Fig. 2. MMIC1: (left) measured (symbols) and simulated (dashed lines)
LO and RF input return loss at 50 � and (right) measured and simulated
LO-to-RF, LO-to-IF, and RF-to-IF isolation versus operating frequency.

Fig. 3. Measured (symbols) and simulated (dashed lines) CG versus
(a)–(b) PLO and (c)–(d) PRF of the presented mixer MMICs. (a) and (c), and
(b) and (d) Performance of MMIC1 and MMIC2, respectively.

Simulations are shown and discussed together with the mea-
surements in the following section.

III. MEASUREMENT RESULTS

For all on-wafer measurements, the MMICs are biased
identically [see Fig. 1(c)]. Under the LO drive, MMIC1
and MMIC2 have a total power consumption of 14.4 and
180 mW, respectively. The input return losses (RLs) at the
RF and LO input ports of MMIC1 as well as the LO-to-RF
isolation are characterized using an S-parameter setup. The
corresponding measurements and simulations are depicted in
Fig. 2. Up to 170 GHz, the RF and LO RLs are better
than 7.8 and 11 dB, respectively. The LO-to-RF isolation
is shown in the right graph of Fig. 2 and is better than
20 dB. Fig. 3(a) and (b) shows the CG versus PLO at different
frequencies. In saturation, both MMICs achieve a CG of about
−0.5 dB at 25 and 45 GHz. Due to the integrated driver
DA, MMIC2 requires roughly 9–10 dB less PLO compared to
MMIC1. This allows a PLO of less than 0 dBm for MMIC2.
In Fig. 4, CG is given versus RF for a fixed IF of 0.1 GHz
as a comparison of (left) MMIC1 and (right) MMIC2. Both
MMICs obtain a very similar response versus RF, just with
a reduced PLO for MMIC2. Furthermore, Figs. 3(c) and (d)
and 4 illustrate a variable gain feature of the presented DM.
By adjusting PLO, the CG can be controlled without impacting
the CG response versus RF. In context to this feature, the
measured CG versus RF input power (PRF) is important
since for several mixer topologies reducing PLO results also
in a degraded compression behavior versus PRF. However,
as Fig. 3(c) and (d) illustrates for both MMICs, the measured
CG is independent of the available PLO and shows a IP1 dB of
−1.7 dBm. In Fig. 5, the CG is measured for an RF range
of up to 220 GHz for a constant PLO and IF of −1 dBm and

Fig. 4. Measured (symbols) and simulated (dashed lines) CG versus RF
of the presented mixer MMICs for different levels of PLO. The IF and PRF
are 0.1 GHz and −10 dBm, respectively. The left and right graphs show the
performance of MMIC1 and MMIC2, respectively.

Fig. 5. Measured (symbols) and simulated (dashed lines) CG versus RF
of MMIC2 up to 220 GHz. The IF, PLO, and PRF are 0.1 GHz, −1, and
−10 dBm, respectively. The inset shows a close up of the CG for an RF from
0 to 10 GHz including an LF extension at the Vg2 port (blue dashed line) and
a simulation of the on-wafer case (red dotted-dashed line).

0.1 GHz, respectively. Up to 170 GHz, the CG is in the range
of −4.2 to 1 dB and follows the prediction with only a slight
offset, which is expected to originate from an underestimated
RON in the used transistor model. Above 170 GHz, MMIC2
is still functional and provides good performance. However,
a dropping slope of CG can be observed, which is mainly
caused by a limited PLO to fully saturate the DM for the higher
frequencies. The peak in the CG at 5 GHz originates from
an interaction with the dc probe, which is only used in the
on-wafer measurement. In an assembled situation, a flat CG
can be achieved. The inset in Fig. 5 shows the comparison
of the simulated and measured CG below 10 GHz in the
on-wafer measurement case and the simulation including an
LF extension as it would be used in an assembly.

IV. CONCLUSION

This letter presents distributed down-conversion mixer
MMICs with a 1–170-GHz BW and a measured CG of better
than −4.2 dB for a fixed IF of 0.1 GHz. Up to 220 GHz, the
CG is still above −8.3 dB. The mixer core consists of three
source-feedback mixer cells in a distributed topology. Includ-
ing an eight-cell DA, MMIC2 requires a PLO of only −1 dBm.
IP1 dB is −1.7 dBm and is independent of the provided PLO.
Thus, CG can be adjusted by tuning PLO. This variable CG
feature, without PLO affecting IP1 dB, demonstrates a beneficial
characteristic of the presented down-conversion mixer MMICs
for a multitude of applications. Table I compares this work
to state-of-the-art DM MMICs. To the best of the authors’
knowledge, this work demonstrates the largest BW for DM
MMICs with a sliding LO and for down-conversion DM
MMICs.
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