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Wireless data communication is pushing towards 60 GHz and will most likely be served by SiGe and Complementary Metal
Oxide Semiconductor (CMOS) technologies in the consumer market. Nevertheless, some applications are imposing superior
performance requirements on the analog frontend, and employing III-V compound semiconductors can provide significant
advantages with respect to transmitter power and noise figure. In this paper, we present essential building blocks and a
novel single-chip low complexity transceiver Monolithic Microwave Integrated Circuit (MMIC) with integrated antenna
switches for 60 GHz communication, fabricated in a 100 nm metamorphic high electron mobility transistor (mHEMT) tech-
nology. This technology features a measured noise figure of ,2.5 dB in low-noise amplifiers at 60 GHz and the realized
medium power amplifiers achieve more than 20 dBm saturated output power. Integrated antenna switches with an insertion
loss of less than 1.5 dB enable the integration of the transmit and the receive stages on a single chip. A single-chip transceiver
with external subharmonic Local Oscillator (LO) supply for its I/Q down- and up-converter achieves a linear conversion gain
in both, the Transmit (Tx) and the Receive (Rx) paths, of more than 10 dB.
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I . I N T R O D U C T I O N

The data rates in digital communication are on the rise and
are currently in the range of several tens of Gbit/s for wired
systems, whereas current wireless networks achieve data
rates of several 100 Mbit/s. Breaking the wireless Gbit/s
barrier is necessary to overcome a bottleneck in wireless com-
munication to serve the next generation of wireless personal
area networks and wireless video distribution.

Applications such as high definition video streaming or tele-
medicine require high transmission rates, and besides higher
spectral efficiency the available channel bandwidth is a key
factor in achieving ultra-high data rates over the air. The
future of wireless data transmission will therefore be around
60 GHz where up to 7 GHz of channel bandwidth are available
in the EU, USA, Canada, and Korea in the recently allocated fre-
quency range from 57 to 64 GHz. With increasing operating
frequency, attenuation and scattering grows which leads to a
lower signal-to-noise ratio that can be faced by increasing the
transmitter power or improving the receiver sensitivity. The
high electron mobility transistor (HEMT) concept features
higher power density and lower noise figure compared to high-
frequency CMOS or SiGe technologies and is able to fulfill the
demanding requirements in high-performance 60 GHz

communication scenarios, such as medium range (up to
10 m) applications or channel sounding. Table 1 shows a com-
parison of essential 60 GHz building blocks in different semi-
conductor technologies. For our in-house HEMT technology,
we use standard GaAs substrates to manufacture a meta-
morphic high electron mobility transistor (mHEMT) with an
InGaAs channel providing InP-like performance.

In this paper, we present the design and performance of
mHEMT-based 60 GHz analog transceiver components, which
are intended as high-performance frontends for combination
with subsequent SiGe- or CMOS-based transceiver components:

– A single-chip 60 GHz transmit and receive amplifier with
antenna switch and differential radio frequency (RF) inter-
face can boost the transmit power and receiver sensitivity of
an Si-based frontend.

– A single-chip transceiver with antenna switch and subhar-
monically driven IQ down- and up-converter stages is
designed for the hybrid combination with a high-quality
30 GHz Voltage Controlled Oscillator (VCO) in e.g. SiGe
Heterojunction Bipolar Transistor (HBT) technology. The
chip features an antenna switch and a single I/Q mixer
for down- and up-conversion.

I I . T E C H N O L O G Y

The mHEMT technology of the Fraunhofer IAF features cur-
rently three different gate lengths from 100 nm down to 35 nm
for MMICs working up to 450 GHz. The transistors are grown
on 4′′ GaAs substrates via molecular beam epitaxy. A meta-
morphic buffer layer is used to adapt the lattice constant
between the substrate and the main channel. During the
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growth of the metamorphic buffer, a linear InxAl0.48Ga0.522xAs
(x¼0 � 0.52) transition is used. For the 100 nm gate length
technology, the electrons are confined in an In0.65Ga0.35As/
In0.53Ga0.47As composite channel to increase the breakdown
voltage. The electrical characteristics of the different mHEMT
technologies are summerized in Table 2. Further information
about the Fraunhofer IAF mHEMT technology can be found in
[6, 7] (Table 2).

For 60 GHz applications, the 100 nm variant is best suited,
offering comfortable cutoff frequencies fT and fmax of 220 and
300 GHz, respectively, in combination with a relatively high
on-state breakdown voltage of 3 V.

I I I . 6 0 G H Z L O W - N O I S E A M P L I F I E R
( L N A )

The LNA is the most critical element of the receiver frontend.
It amplifies the received signal and mainly determines the
overall noise figure of the receiver. Since transmit power is
typically limited by the regulation authorities, the receiver sen-
sitivity becomes more important to improve the link budget
and increasing the link availability. Hence, the two major
design goals are gain and low noise. The realized 60 GHz
LNA achieves more than 20 dB small-signal gain combined

with a noise figure of ,2.5 dB in the frequency range of inter-
est from 55 to 65 GHz. Reported SiGe LNAs for 60 GHz appli-
cations achieve gain values of 20 dB with a noise figure of 6 dB
[8, 9] down to 4.5 dB with 15 dB gain [1].

The design uses a three-stage common-source topology
with a transistor size of 4 × 15 mm. The measured 3 dB band-
width equals 30 GHz from 45 to 75 GHz and covers the entire
V-band (50–75 GHz). The input and output return loss stays
well above 10 dB from 49 to 74 GHz. Noise matching is
achieved via the inductive source degeneration technique,
implemented by symmetrical shorted stubs inserted in the
source terminals of the transistors. The measured
S-parameters of the LNA are shown in Fig. 1.

The chip photograph of the receive/transmit amplifier in
Fig. 4 contains the LNA stage in the receive path.

I V . M E D I U M P O W E R A M P L I F I E R
( M P A )

The MPA is driving the antenna and should provide gain as well
as output power. The MPA was designed to operate in the fre-
quency range from 55 to 65 GHz. The desired maximum
output power was 100 mW (20 dBm) in this frequency range.
Although higher transmit power would be useful regarding
the link budget, it is limited to 10 dBm in many countries in
the 60 GHz band by the regulation authorities. These limitations
allow the operation of the MPA with more than 4 dB back off,
which guarantees sufficient linear operation.

The design uses two parallel 6 × 60 mm dual-gate stages. As
a stand-alone circuit, the MPA consists of two cascaded stages.
The first stage uses a single 6 × 60 mm cascode to provide an
additional amplification of approximately 11 dB. The second
stage with two parallel transistors adds a small-signal gain of
approximately 9 dB to achieve a total small-signal gain of 20 dB.

The chip photograph of the receive/transmit amplifier in
Fig. 4 contains the second MPA stage only in the transmit path.

The cascode amplifier is biased under class-A conditions at a
drain supply voltage of 3 V and a drain current density of
305 mA/mm. The amplifier consumes a total DC power of 1 W.

The measured performance is shown in Fig. 2. Small-signal
gain is 20 dB in the frequency range from 56 to 65 GHz. The
one-tone power measurement at 60 GHz shows a saturated
output power of 20 dBm and an output-related 1-dB com-
pression point of 14.4 dBm. The power-added efficiency is
8%. The amplifier shows a very broadband behavior also in
terms of its output power, which stays nearly constant at
20 dBm in the frequency range from 55 to 65 GHz.

V . A N T E N N A S W I T C H

Altering between receive and transmit operation requires
on-chip integrated switches. The mHEMT technology allows
the design of low loss, high isolation switches. The realized

Table 1. Comparison of reported 60 GHz building blocks in different MMIC technologies.

Technology LNA gain/NF Power amplifier gain/PSAT Switch insertion loss

SiGe 14.7 dB/4.5 dB [1] 10.8 dB/16.2 dBm [1] 2–2.7 dB [2]
CMOS 15 dB/4.4 dB [3] 20.6 dB/19.9 dBm [4] ,2 dB [5]
mHEMT (this work) 20 dB/2.5 dB 20 dB/20 dBm 1.5–2.5 dB

Table 2. Electrical characteristics of the Fraunhofer IAF mHEMT
technology.

Gate length 100 nm 50 nm 35 nm

RS (V.mm) ,0.25 ,0.2 0.1
ID,max (mA/mm) 900 1200 1600
BVon-state (V) 3 1.6 1.5
gm,max (mS/mm) 1200 1800 2500
ft (GHz) 220 380 515
fmax (GHz) 300 500 900

Fig. 1. Measured S-parameters of the 60 GHz LNA.
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60 GHz single-pole double-throw (SPDT) switches use two
transistors in each branch with a 2 × 40 mm configuration.
The switching transistors are inserted in shunt across the
signal line, with their channel acting as voltage-controlled
resistor, which can short circuit the signal when the transistor
is biased above threshold. A series quarter-lambda line trans-
forms the short circuit to an open circuit in order to achieve
branch isolation. A shorted stub placed between the two
shunt transistors is acting as a parallel inductance and
achieves a parallel resonance together with the parasitic
capacitance of the transistor biased below threshold. This
measure improves port matching and insertion loss of the
switch. Detailed information about the switch design can be
obtained from [10].

The measured S-parameters of the closed and the open SPDT
switch are shown in Fig. 3. The isolation of the closed switch is
better than 30 dB and the measured insertion loss is 1.5–2.5 dB
in the frequency range from 55 to 65 GHz. In [10], the SPDT
switch was also measured for linearity and found not to
degrade the signal up to a measurable power level of 16 dBm.

Using the same switch branch topology, we have also
implemented single-pole multi-throw switch networks,
which where incorporated into 60 GHz transceivers to allow
for antenna diversity [11, 12].

Fig. 3. Measured S-parameters of the closed (a) and the opened (b) antenna switch.

Fig. 4. Chip photograph of the 60 GHz LNA–MPA–switch MMIC with
differential interfaces. Fig. 5. Measured receiver noise figure of the LNA–MPA–switch combination.

Fig. 2. Small-signal gain, matching and saturated output power of the medium power amplifier over the RF frequency (a) and the output power, gain, and
power-added efficiency versus the input power (b).
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V I . L N A › M P A › S W I T C H
C O M B I N A T I O N

A combination of the LNA, MPA, and the antenna switch has
been realized to enhance SiGe and CMOS chipsets. The com-
bination of III-V and SiGe or CMOS technologies can provide
high-performance multifunctional 60 GHz frontends. The
mHEMT LNA improves the overall noise figure of the
frontend and the corresponding medium power amplifier pro-
vides additional output drive to the signal. Marchand baluns are

used for the differential to single-ended conversion in order to
interface with the subsequent Si-based MMICs, and are clearly
visible on the left side of the chip photograph in Fig. 4.

The drawback of the antenna switch is the insertion loss,
which increases the receiver noise figure. Figure 5 shows a
plot of the measured noise figure at the LNA output before
the Marchand balun. The noise figure measurement uses a
commercial V-band (50–75 GHz) noise diode and an
Agilent noise figure analyzer. The setup is calibrated to the
chip reference plane by accounting for loss in the waveguide
sections and on-wafer probes. At its output, the LNA is con-
tacted not at the Unbal output, but at an intermediate single-
ended probing pad situated between the LNA output and the
Unbal’s single-ended input. In order to exclude the impact of
the Marchand–Unbal on the measurement, we removed an
airbridge situated close to the probing pad.

When measured as a stand-alone component, the
Marchand–Baluns show an insertion loss of 1–2 dB in the fre-
quency range from 50 to 75 GHz.

The measured average noise figure of the MMIC’s receive
path is 4.0 dB in the broad frequency range from 50 to
70 GHz. Subtracting the switch insertion loss, this measure-
ment confirms the LNA noise figure to be better than 2.5 dB
in the same frequency range.

Fig. 7. Receiver measurement setup.

Fig. 8. Conversion gain of the receiver over LO power (a) and RF frequency (b).

Fig. 6. Chip photograph and block diagram of the fully integrated I/Q transceiver MMIC.
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V I I . S I N G L E - C H I P I / Q
T R A N S C E I V E R

A complete transceiver chip requires additional mixer circuits
and in case of I/Q modulated signals, phase shifting elements.
The realized transceiver chip features two subharmonic resis-
tive FET mixers and an active Unbal at the LO input, which
allows driving the mixers either single endedly or differentially
with a 30 GHz VCO.

A simplified circuit schematic is shown in Fig. 6. The active
Unbal circuit uses a differential amplifier topology with one
input terminated into an on-wafer 50 V load resistor to
produce a fixed 1808 phase shift between its outputs, which
drive the LO side of the subharmonic mixers. The RF input
is split using a 908 Lange-type coupler, and the resulting IF

signals are then inherently 908 out of phase. Two SPDT
switches route the signals from the mixer to either the
receive or the transmit path and to the antenna. In the
receive path, the LNA is followed by a variable gain amplifier
stage consisting of a single-stage cascode amplifier. This
measure allows to introduce a gain control of approximately
10 dB in the receive case. The up-converted signal coming
from the mixer is first amplified in two driver amplifier
stages, before entering the MPA stage discussed in Section
IV. Both driver amplifiers consist of a single cascode stage
with the same transistor dimensioning as in the MPA.

A) Receiver
To measure the transceiver in the receive case, an Agilent
E8257 signal synthesizer with an attached HP 83557 source
module provides the RF signal in the frequency range up to
67 GHz. The 30 GHz LO signal is provided by a second
signal synthesizer. The down-converted IF signal is fed via a
coaxial cable to a spectrum analyzer. Figure 7 shows a
diagram of the employed measurement setup.

During the measurement only one IF output is measured,
whereas the second output is terminated into a 50 V load. The
RF signal is applied with a power level of 235 dBm using an
additional attenuator in order to ensure linear receiver operation.

The measured performance is shown in Fig. 8. In down-
conversion mode, the transceiver achieves a maximum con-
version gain of 16.3 dB with 0 dBm LO power applied in the
IF-I branch (Fig. 8(a)). The measurements versus the RF fre-
quency (Fig. 8(b)) have been executed at a constant LO power
level of 21 dBm. The conversion gain of the IF-I and the IF-Q
branch stays between 16.3 and 12.4 dB from 55 to 65 GHz.

The I/Q phase difference is of particular interest in digital
communication where phase-modulated signals like
Quadrature Phase-Shift Keying (QPSK) or Quadrature
Amplitude Modulation (QAM) are widely used to achieve
high data rates. It is therefore necessary to achieve a fixed
908 phase shift between the I and the Q branch of the transcei-
ver. Figure 9 shows the phase difference as a function of the
applied LO power. It can be seen that the I/Q phase is sensitive
to the LO power level and 898 phase difference is achieved for
0 dBm LO power.

B) Transmitter
In the transmit case, the IF signal is injected by a signal
synthesizer at a frequency of 100 MHz. The LO signal

Fig. 10. Transmitter measurement setup.

Fig. 11. RF output power and LO-to-RF isolation of the transmitter versus LO power (a) and RF frequency (b).

Fig. 9. Phase difference between the I and the Q branches versus the applied
LO power.
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preparation is the same as in the receive case. At the RF
output, we connect a V-band mixer to observe the
up-converted signals in a spectrum analyzer. That way, we
can separately measure the signal strength at the RF frequency
(measurements are shown at the lower sideband only) and at
the second LO harmonic. The latter measurement allows the
assessment of the LO-to-RF isolation during up-conversion.
Figure 10 shows the described measurement setup.

The measured performance is shown in Fig. 11. The
up-converter achieves a maximum output power of more
than 12.3 dBm with 2 dBm LO power applied (Fig. 11(a)).
The LO-to-RF isolation increases with higher LO power and
reaches 23.3 dB, also at 2 dBm LO power.

Figure 11(b) shows the measured output power and corre-
sponding LO-to-RF isolation for a fixed LO power level of
24 dBm. The output power for this LO level stays between
5.5 and 10.4 dBm from 55 to 65 GHz.

V I I I . C O N C L U S I O N

Broadband 60 GHz analog frontend building blocks and inte-
grated transceiver MMICs have been successfully realized in a
100 nm mHEMT technology. The MMICs are dedicated to
the hybrid combination with subsequent Si-based com-
ponents to form high-performance 60 GHz frontends. The
LNA achieves a measured small-signal gain of more than
20 dB with a noise figure of ,2.5 dB. The integrated
medium power amplifier delivers a saturated output power
of 20 dBm and features a small-signal gain of 20 dB from 55
to 65 GHz. A combination of the LNA, MPA, and antenna
switch achieves a measured noise figure of 4 dB and can be
used as a high-performance 60 GHz extension to SiGe or
CMOS chips. Finally, a fully integrated single-chip transceiver
with subharmonic LO injection achieved a measured conver-
sion gain in the receive case of more than 15 dB. The
measured transmit power of the transceiver exceeded
12 dBm with a measured LO-to-RF isolation of more than
20 dB.
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