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Abstract— We designed and fabricated a 300-GHz-band fun-
damental mixer in indium phosphide (InP) high electron mobility
transistor (HEMT) technology for 6G wireless communications.
We devised a widely split frequency matching network to widen
the bandwidth of a resistive mixer. The mixer IC achieved a
conversion gain of −15 and −6-dB RF bandwidth of 100 GHz
(220–320 GHz), the widest ever reported. We implemented the
mixer IC as a WR3.4 waveguide mixer module and performed
a back-to-back data transmission experiment in three different
frequency bands. Data rates of 120, 152, and 168 Gbps were
achieved in each band. We also developed a dual-band data
transmission system with a local oscillator (LO) leakage canceling
method. It was capable of transmitting data at 240 Gbps, the
highest rate reported to date, and suppressing LO leakage
by 60 dB.

Index Terms— Indium phosphide high electron-mobility tran-
sistor (InP HEMT), resistive mixer, 6G, 300-GHz band.

I. INTRODUCTION

THE 300-GHz band is expected to be used for high-speed
data transmissions in sixth-generation wireless commu-

nications (6G). For example, standardization of bands with
a maximum bandwidth of 69 GHz from 253 to 322 GHz
has been discussed in IEEE 802.15.3d [1]. A 300-GHz-band
mixers with a wide RF bandwidth and high linearity are essen-
tial components for utilizing such a wide band and achieving
a high data rate. Mixers with a wide bandwidth fabricated
in indium phosphide (InP) high electron mobility transistor
(HEMT), InP heterojunction bipolar transistor (HBT), sili-
con complementary metal–oxide–semiconductor (CMOS), and
silicon-germanium (SiGe) bipolar CMOS (BiCMOS) tech-
nologies have been reported [2], [3], [4], [5], [6], [7], [8],
[9], [10], [11]. Among them, the resistive mixer [2], [3] has
the advantages of having a wide band and high linearity with
a simple configuration.

In this work, we designed and fabricated a fundamen-
tal resistive mixer in InP HEMT technology. To enlarge
the bandwidth of the mixer IC, we devised a widely split
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frequency (WSF) matching network. The fabricated mixer IC
achieved a conversion gain of −15, a −3-dB RF bandwidth
of 60 GHz, and a −6-dB RF bandwidth of 100 GHz, the
widest ever reported.

We packaged the mixer IC as a WR3.4 waveguide mixer
module. The mixer module had a gain of −16 dB, and it could
operate over almost the whole band from 220 to 320 GHz.
We used a single mixer module in the TX and in the RX
and performed a back-to-back data transmission experiment
in three different frequency bands. Data rates of 120, 152,
and 168 Gbps were achieved in each band.

As an expansion of our work [12] published in IMS2023,
we developed a dual-band data transmission system using two
mixers in TX and RX to increase the data rate. To suppress
local oscillator (LO) leakage from the TX mixers, we devised
an LO canceling method where the phase difference of the LO
leakages from the two mixers is adjusted to be 180◦ and the
leakages are canceled at the output. The system could transmit
data at 240 Gbps in a back-to-back configuration and suppress
LO leakage by over 60 dB.

These results indicate that our mixer is the first one to
achieve a data rate over 100 Gbps in multiple frequency
ranges in the 300-GHz band. Moreover, the achieved data rate
(240 Gbps) is the highest ever reported.

II. TECHNOLOGY

We designed and fabricated the mixer IC with our in-house
InP HEMT technology [13]. Fig. 1(a) shows a scanning
transmission electron microscope (STEM) image of the area
around the gate electrode of the fabricated InP HEMT. The
HEMT was grown on a 3-in InP wafer by metal-organic chem-
ical vapor deposition (MOCVD). The gate length (Lg) was
around 60 nm. The channel was composed of an 18-nm-thick
InGaAs with a mobility of 13 500 cm2/V/s. To reduce the
source resistance and improve RF performance, a cap recess
region with a length of 150 nm was formed. Fig. 1(b)
shows the measured RF performance of the InP HEMT with
a gate width (Wg) of 20 × 2 µm fingers and at a gate
voltage of −0.2 V and the drain voltage of 1.2 V. It was
measured by a vector network analyzer (VNA) in two bands,
from 5 to 125 GHz, and from 220 to 260 GHz. The pads
and the lead line to the transistor were de-embedded by using
the thru-reflect-line (TRL) method. The maximum oscillation
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Fig. 1. (a) STEM image and (b) measured RF performance of
60-nm-gate-length InP-HEMT. h21 is short circuit current gain. MSG is the
maximum stable gain. MAG is the maximum available gain.

Fig. 2. Schematic of resistive mixer with WSF matching network.

frequency ( fmax) and the short-circuit current-gain cut-off
frequency ( ft ) were estimated to be 860 and 280 GHz,
respectively.

III. CIRCUIT DESIGN

Fig. 2 shows a schematic of our mixer IC designed using
InP HEMT technology. We employed a fundamental resistive
mixer for wide-bandwidth and high-linearity operation. In this
type of mixer, the transistor is operated as a variable resistor
controlled by the gate voltage. By providing a sufficiently large
LO power to the gate, the IF/RF signal at the drain is mixed
with the LO signal. Since this type of mixer operates like a
passive circuit, it is possible to use the same mixer IC for both
up-conversion and down-conversion.

Fig. 3. Simulated (a) return loss of RF port and (b) conversion gain with
and without WSF matching network.

To achieve a high conversion gain and wide bandwidth in
the resistive mixer, it is important to place matching networks
at each port of the LO, IF, and RF. To adapt the mixer
to multiple LO frequencies, we designed a broadband LO
matching network using multiple matching components such
as capacitors and transmission lines. Adding many matching
components is generally not desirable because it increases
signal loss. However, the loss in the LO matching network
is tolerable to some level, since a high-power LO signal is
used in the saturation region.

On the other hand, the matching network of the RF port
significantly affects the RF bandwidth of the mixer. However,
we cannot use many matching components in the RF matching
network to widen the bandwidth, unlike the case of the LO
matching network. This is because RF power in a practical
transmission system must be backed off from the saturation
power to maintain its linearity, and the loss in the RF match-
ing circuit directly leads to a reduction in conversion gain.
Therefore, the matching frequency of the RF port is generally
designed with few matching components to be around the LO
frequency, as shown by the dashed line in Fig. 3(a). In this
type of matching network, the conversion gain is high around
the LO frequency, but decreases away from it, which causes
a narrowing of the RF bandwidth.

In this work, we devised a WSF matching network to
enlarge the RF bandwidth. Here, the matching frequency of
the RF port is not designed to be around the LO frequency,
but rather to be close to the edge frequencies of the lower
side ( f 1) and the higher side ( f 2) of the desired band,
as shown by the solid line in Fig. 3(a). Only two capacitors,
C1 and C2, and two transmission lines, TL1 and TL2, are
used to minimize the loss. The impedance at f 1 is basically
matched by using TL1, TL2, and C1. The electrical length
of these matching components is designed to be λ f 1/4, where
λ f 1 is the wavelength of f 1. The impedance at f 2 is basically
matched by using TL2 and C2. The electrical length of these
matching components is designed to be λ f 1/4, where λ f 1/4 is
the wavelength of f 2. The RF characteristics were numerically
optimized using electromagnetic field simulations.

Although the WSF matching network causes a little deterio-
ration in the conversion gain near the LO frequency, it avoids
a large gain attenuation far from the LO frequency, result-
ing in a wider bandwidth. The simulation results shown in
Fig. 3(b) confirm that the WSF matching network enlarged the
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RF bandwidth. For the conventional RF matching network in
this figure, we used a circuit similar to Fig. 2 and adjusted each
component of the RF matching network to make the matching
frequency around 270 GHz.

Another important point when designing the matching net-
work of the resistive mixer is the isolation between the RF
signal and the IF signal [3]. To achieve a high conversion
gain, the impedance of the RF port side as seen from the drain
node of the transistor (ZRF in Fig. 2) should be high in the IF
frequency band. Likewise, the impedance of the IF port side
as seen from the drain node of the transistor (ZIF in Fig. 2)
should be high in the RF frequency band. Here, to increase
the isolation, we placed an IF isolation capacitor in the RF
matching network and two stubs in the IF matching network
with a quarter wavelength in the RF band.

Fig. 4(a) and (b) show simulation results of the ZIF and
ZRF. They confirm that ZIF in the RF band is high due to the
RF isolation stubs, whereas the ZRF was high due to the IF
isolation capacitor. Moreover, the simulation results shown in
Fig. 4(c) and (d) illustrate the improvements in the conversion
gain and the bandwidth due to these isolation components.

IV. MEASUREMENT RESULTS

A. Mixer IC and Module

Fig. 5(a) shows a photograph of the mixer IC fabricated in
our InP HEMT technology. The die size is 1 mm2 including
pads. The power consumption is almost zero, although a very
small gate current flows. Fig. 6 shows the setup for measuring
the conversion gain of the mixer IC in an on-wafer probing
environment. Here, we used a VNA (Keysight N5247A) and
a WR3.4 frequency extender. The reflection characteristics
of the RF port and LO port were measured with a similar
setup. Figs. 7 and 8 show the measured return loss of the LO
port and the RF port. For the LO port, a good return loss
of less than −10 dB was measured from 230 to 325 GHz.
For the RF port, a good return loss of less than −10 dB was
measured from 250 to 325 GHz. Our aimed-for split matching
frequencies at 260 and 320 GHz were confirmed there. Fig. 9
shows the measured conversion gain of the mixer IC at the
LO frequency of 270 GHz. The LO power was around 0 dBm,
which was limited by our measurement setup, but was almost
in the saturation region. A conversion gain of −15 dB with a
−3-dB RF bandwidth of 60 GHz (235–295 GHz) and a −6-dB
RF bandwidth of 100 GHz (220–320 GHz) was achieved.

We implemented the mixer IC as a WR3.4 waveguide mixer
module for a data transmission experiment. Fig. 5(b) shows a
photograph of the module. We used ridge couplers [3], [15]
for a smooth mode conversion between the planar mode inside
the IC and the waveguide mode of the module. Fig. 10 shows
the measured conversion gain of the mixer module at a LO
frequency of 270 GHz and LO power of around 7 dBm. The
conversion gain was −16 dB with a −3-dB RF bandwidth
of 65 GHz (240–305 GHz) and a −6-dB RF bandwidth
of 95 GHz (225–320 GHz). Fig. 11 shows the measured output
RF power at the LO frequency of 270 GHz, IF frequency
of 5 GHz, and RF frequency of 265 GHz. An output 1-dB
gain compression point (OP1dB) of −16 dBm was achieved.

Fig. 4. Simulated impedance of (a) ZIF and (b) ZRF from 1 to 320 GHz.
(c) Simulated conversion gain with and without RF isolation stubs. (d) Sim-
ulated conversion gain with and without IF isolation capacitor.

Fig. 5. Photograph of (a) mixer IC and (b) mixer module.

B. Switched Three-Band Data Transmission Experiment

We used one mixer module in the TX and one in the
RX for a data transmission experiment in the back-to-
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Fig. 6. Setup for measuring conversion gain of mixer IC in the on-wafer
probing environment.

Fig. 7. Measured return loss at LO port of mixer IC.

Fig. 8. Measured return loss of RF port of mixer IC.

Fig. 9. Measured conversion gain of mixer IC at LO = 270 GHz.

back configuration. The measurement setup is shown in
Fig. 12. We used an arbitrary waveform generator (AWG)
(Keysight M8199A) to generate an input quadrature amplitude
modulation (QAM) IF signal for the TX mixer module. The

Fig. 10. Measured conversion gain of mixer module at LO = 270 GHz in
waveguide measurement environment.

Fig. 11. Measured input and output power characteristics of mixer module
at LO = 270 GHz, IF = 5 GHz, and RF = 265 GHz.

Fig. 12. Measurement setup of back-to-back data transmission experiment.

TABLE I
ALLOCATION OF EACH BAND

output IF signal from the RX mixer was measured using
a digital storage oscilloscope (DSO) (Keysight UXR1104A).
The experiment was performed in three different frequency
bands. The allocation of each band is shown in Table I.
We used three different waveguide filters between the TX
mixer and the RX mixer to clip each desired band and suppress
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Fig. 13. Measured constellation and spectra of each band in back-to-back
data transmission experiment.

Fig. 14. Measured LO leakage with filters and with the proposed method.

the undesired LO leakage and image signal. Fig. 13 shows
the measured constellation and spectrum of the output IF
signal of the RX mixer in each of the three bands. In the
first band with a center frequency of 227 GHz, a data rate
of 120 Gbps (20 GBaud 64 QAM) was achieved with an SNR
of 22.8 dB, which is higher than the forward error correction
(FEC) limit of 22.5 dB. The FEC limit is the minimum SNR
required for errors to be corrected by using the FEC. In the
second band with a center frequency of 257 GHz, the data
rate was 168 Gbps (42 GBaud 16 QAM) with an SNR of
17.1 dB, which is higher than the FEC limit of 16.5 dB, while
in the third band with a center frequency of 307 GHz, it was
152 Gbps (38 GBaud 16 QAM) with an SNR of 16.6 dB,
again higher than the FEC limit.

C. Transmitter With LO Canceling Method

LO leakage from the mixer should be suppressed to prevent
emissions of unnecessary signals into space from the TX. The
fundamental resistive mixer can easily achieve a wide band
but has a large LO leakage. Fig. 14 shows the measured
LO leakage. The leakage from the mixer module around
282.5 GHz was −10 dBm for an input LO power of 7 dBm.
In the data transmission system described in the previous
section, waveguide filters were used to suppress the LO
leakage. Since the waveguide filters have a limited cutoff
characteristic, a guard band from dc has to be set in the IF
signal to suppress LO leakage. However, a wide guard band
is not desirable because it sacrifices the bandwidth of the IF
signal generator, such as an AWG.

Fig. 15. (a) System block diagram of LO leakage canceling method.
(b) Photograph of the measurement system to confirm the effect of LO leak
suppression by the proposed method.

The guard band was set to 5 GHz and the LO leakage was
suppressed to −35 dBm by using a high pass filter (HPF) or
low pass filter (LPF), as shown in Fig. 14 (green line and blue
line), which is 25 dB lower than the LO leaking directly from
the mixer. The data transmission experiment described in the
previous section did not use a power amplifier (PA), but PAs
have to be used in a practical wireless communication system
after the mixer in order to amplify the signal. For example,
if we use a PA with a 20 dB gain, the LO leakage could be
amplified to be −15 dBm, which is non-negligible. Therefore,
the LO leakage must be further suppressed.

We devised a transmitter system using a LO canceling
method for suppressing LO leakage as shown in Fig. 15(a).
It uses two mixers are used, and the output is combined by a
combiner. By adjusting the LO leakages from the two mixers
to be at the same frequency and have the same intensity but
opposite phase, they can be canceled when they are combined.
The phase of each LO signal is adjusted by using variable
phase shifters placed before the frequency multiplier. The
intensity of each LO signal is adjusted by variable attenuators
placed after the frequency multiplier.

We performed an experiment to confirm the effectiveness of
the above LO canceling method. A photograph of the setup is
shown in Fig. 15(b). To measure the strength of the LO leakage
from the TX, we used a WR3.4 frequency extender and a
spectrum analyzer connected to the combiner. The orange line
in Fig. 14 shows the results. The LO leakage was substantially
suppressed to −70 dBm, which is 60 dB smaller than the LO
leakage without the proposed method.

Another advantage of the LO canceling method is that the
frequency range of LO leakage suppression is wide; that is,
it can be adapted to multiple LO frequencies. Even greater
LO leakage suppression can be achieved by additionally using
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Fig. 16. System configuration of dual-band transmission experiment.

Fig. 17. Photograph of the proposed dual-band data transmission system.

waveguide filters (although no waveguide filter was used in
the experiment). Furthermore, as described in the next section,
in combination with waveguide filters, the method can perform
a dual-band data transmission by inputting different IF data to
each mixer.

D. Dual-Band Data Transmission System

We developed a dual-band data transmission system by
incorporating the LO canceling method described in the pre-
vious section into the transmitter. Figs. 16 and 17 show the
block diagram and a photograph of the system. The TX and
RX each have two mixers. Two different IF data are input to
the TX mixers. An HPF is used to extract the upper side band
(high-band) signal from the output of TX mixer1 and an LPF
is used to extract the lower side band (low-band) signal from
the output of TX mixer2.

Fig. 18. Measured (a) S-parameter and (b) power characteristic at 270 GHz
of low-band PA.

Two different PA modules, a low-band one and a high-
band one, are connected after the filters to amplify the signal
in each band. In the low-band PA module, a PA IC that
is a modification of the one in [14] is implemented using
ridge couplers. Fig. 18(a) shows the measured S-parameter
of the low-band PA module. The small signal gain was
24 dB around 270 GHz. Fig. 18(b) shows its measured
power characteristic at 270 GHz. The saturation power was
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TABLE II
PERFORMANCE SUMMARY AND COMPARISON

Fig. 19. Measured (a) S-parameter and (b) power characteristic at 270 GHz
of high-band PA.

around 8 dBm. The PA IC in the high-band PA module had
its frequency tuned from the one in [3]. Fig. 19(a) shows
the measured S-parameter of the high-band PA module. The

small signal gain was 25 dB around 300 GHz. Fig. 19(b)
shows its measured power characteristic at 290 GHz. The
saturation power was around 11 dBm. The combiner after
the two PAs combined the signals of the two bands. For
LO-leakage cancelling, the LO leakage powers from the two
paths can be adjusted to be same level mainly by using the
variable attenuators to adjust the LO input powers of the TX
mixers. A small adjustment of the LO input power does not
have a significant impact on RF power because the mixer
operates in the saturation region relative to the LO power.
Although the adjustments for the LO leakage canceling were
done manually in this study, the system can be made more
practical by building an automatic calibration system where
the LO leakage power is fed back.

The RX was connected to the TX by using a waveguide
in a back-to-back configuration. The RX side used a splitter,
HPF, and LPF to split the transmitted two band signals and
input them to the two RX mixers. The two IF signals output
from the mixers were measured by the DSO at the same time.
Fig. 20 shows the measured constellation and spectrum of the
IF signals from the RX mixers. The data rate in the high
band with a center frequency of 316.5 GHz was 112 Gbps
(28 GBaud 16 QAM) with an SNR of 16.7 dB, which is
higher than the FEC limit of 16.5 dB. The data rate in the
low band with a center frequency of 261 GHz was 128 Gbps
(32 GBaud 16 QAM) with an SNR of 18.1 dB, also higher than
the FEC limit. The total data rate of the high and low bands
was 240 Gbps. Table II summarizes the mixer’s performance in
comparison with other state-of-the-art 300-GHz-band mixers.
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Fig. 20. Measured constellation and spectra of dual-band back-to-back
data-transmission experiment.

Our mixer has the widest RF bandwidth, 100 GHz, and the
highest data rate, 240 Gbps.

V. CONCLUSION

We designed and fabricated a 300-GHz-band fundamen-
tal mixer for 6G wireless communications in InP HEMT
technology. To achieve a wide RF bandwidth, we used a
resistive mixer and a WSF matching network. The fabricated
mixer IC had a conversion gain of −15 dB with a −6-dB
bandwidth of 100 GHz from 220 to 320 GHz, the widest
ever reported. We packaged the mixer IC in a mixer module
with a WR3.4 waveguide. A single mixer module was used in
the TX and in the RX for a back-to-back data transmission
experiment in three different frequency bands. Data rates
of 120, 152, and 168 Gbps were achieved in each band.
We also developed a dual-band data transmission system with
a LO leakage canceling method. The system was capable of
240-Gbps data transmissions, the highest rate ever reported,
and it suppressed LO leakage by 60 dB.
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