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Abstract— This paper presents a compact solid-state,
fully integrated transmitter and receiver chipset operating
at 300 GHz fabricated using a 35nm gate-length InGaAs
metamorphic high-electron-mobility transistor technology. Both
circuits integrate a fundamental frequency converter. The local
oscillator path consists of a multiplier by three and a buffer
amplifier. The transmitter uses a power amplifier as an output
stage for increased output power. The first stage in the receiver is
a low-noise amplifier. The transmitter achieves a high linearity:
The output-referred 1- dB compression point lies at -3dBm. The
receiver has a conversion gain of around 10dB without any IF
post amplification and an estimated noise figure of 7.3dB. The
absolute 3dB RF bandwidth of the system is 42 GHz, ranging
from 288 GHz to 320 GHz. The local oscillator input frequency
can vary between 72 and 75.5 GHz. The particularity of this
chipset is the very high and wideband IF frequency range, from
75 to above 91 GHz. This superheterodyne architecture and the
compatibility to IF systems composed of wireless links developed
in the frame of 5G enables the integration into a real network,
bringing 300 GHz communication networks a step closer to being
implemented in applications like front- and back-hauling.
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I. INTRODUCTION

While 5G technologies and products become a growing and
important part of wireless networks worldwide, the importance
of terahertz (THz) communication in future and beyond 5G
networks cannot be denied. The need for higher bandwidths
is a direct consequence of the constantly growing demand for
higher data rates. THz communication poses many challenges,
not only in terms of device availability. Packaging at these
high frequencies is a big concern as well as the processing of
analog information delivered by the integrated devices. This is
the reason why most successful wireless transmissions above
250 GHz [1]-[4] are using solid-state circuits and were carried
out in a laboratory environment, taking advantage of powerful
signal processing tools.

[3] presents the first, and up to now only, application-ready
prototype implementing 300 GHz devices for back- and
front-hauling, involving the combination of THz transmission
and standard single-mode fibers. We have proposed another
implementation of THz communication in a real-world
application in [5]. For this solution of a future front- and
back-haul network a superheterodyne architecture is necessary.
The combination of commercially available 5G communication
systems operating in V- and W-Band and a 300 GHz frontend,

Modem 60-88 GHz

Modem 60-88 GHz

1 . 300 GHz Receiver

Fig. 1. Proposed solution for live integration of a 300 GHz frontend in a
front- and back-haul network.
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results in a wireless system compatible with the new IEEE
802.15.3d frequency standard [6], capable of being easily
integrated in a live network. The work presented in [5]
concentrates on the proof of concept for the proposed
architecture and uses an existing radio frequency (RF) frontend
designed for zero-intermediate frequency (IF) transmission.
In this paper we are concentrating on the superheterodyne
300 GHz transmit receive chipset, with an IF operation range
between 75 to 95 GHz. This chipset is the missing puzzle piece
which completes the transmission experiment presented only
as a proof-of-concept in [5].

II. PROPOSED SOLUTION FOR FUTURE FRONT- AND
BACK-HAUL NETWORKS

The last portion of a communication network, the link
between an edge cell and the core network, is realized at
the moment by either wired or wireless links. The wired
solutions are fast but very expensive and often impossible
to deploy in remote areas. The future exponential growth
of individual data rates means that the access cells have
to be smaller and appear more frequently. The increasing
number of cells will cause additional costs of optical fiber,
which is already extremely high in an urban environment.
Employing the solution pictured in Fig. 1 would provide the
required capacity for this application. This system is based on
a superheterodyne architecture and consists of two important
components: the modem which provides the IF and the RF
frontend. The modem communicates with the core network
via Ethernet cable and realizes the first up-conversion to the
frequency range between 60 and 88 GHz. According to the
IEEE 802.15.3e-2017 standard [6] each modem channel can
occupy up to 2.16 GHz of bandwidth. The IF can aggregate
signals coming from one or more channels. The second
up-conversion is realized by the 300 GHz transmitter. The
RF signal is transmitted with data rates exceeding 100 Gbps
using an antenna system over a variable distance up to 1km
to the base station where the 300 GHz RX and the modem
down-convert the baseband signal.
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Fig. 2. Chip photographs of the fabricated transmitter and receiver MMIC.

Although 5G access networks extended the frequency
spectrum above 6 GHz, where wireless transport links are
currently operated, these products alone cannot support the
beyond 5G requirements in large scale network deployment. In
combination with a 300 GHz frontend like presented in Fig. 2
the ultra-high data rate demand can be satisfied. The 300 GHz
transmitter and receiver presented in this work are based
on millimeter-wave monolithic integrated circuits (MMICs)
realized in a 35nm gate-length InAlAs/InGaAs metamorphic
high electron mobility transistor (mMHEMT) technology. This
mHEMT technology, described in detail in [7], is developed
and optimized for high cut-off frequencies and ultra-low noise
figure, featuring a transit frequency (fr) of 515GHz and a
maximum frequency of oscillation (f;,,x) exceeding 1 THz.

The MMICs will be packaged into compact waveguide
modules, similar to the ones presented in [4]. To enhance
the maximum transmission distance different power amplifier
modules can be connected after the 300 GHz TX like the one
presented in [8].

The IF frequency is determined by the targeted application
and ranges between 60 and around 90 GHz. Due to a frequency
multiplier with a factor of three and a fundamental converter
integrated on chip a local oscillator (LO) frequency in the
range between 70 and 78 GHz is needed. The resulting RF
range is between 270 and 320 GHz.

III. TX AND RX MMICs

Fig.2 shows the chip photographs of the integrated
transmitter and receiver, both with a chip size of 0.75 x 3.5 mm.
Both chips integrate a multiplier by three, a buffer amplifier
and a mixer. Furthermore, the transmitter has a power amplifier
as a last stage. A low noise amplifier is the first stage in the
receiver.

The input frequencies in V-Band (40 to 75 GHz) are very
convenient because of a good availability of off-the-shelf
components. Additionally it is easier to generate a high input
power for the multiplier in V-band rather than W-band (75
to 110 GHz) and higher. The frequency multiplier-by-.three
operates in compressed class-A mode. The buffer amplifier
is needed to provide enough LO input power for the up-
and down-converter. It consists of five gain stages with four
parallel transistors in the last two stages. The fundamental
frequency converter uses one mixer cell based on one common

source transistor. To achieve higher output powers a four-stage
amplifier similar with the one used for the buffer stage is
employed. To reduce the noise and make the down-converter
suitable for THz communication a low noise amplifier (LNA)
was designed and integrated in the receiver.

The DC power consumption of the transmitter is 357 mW,
while the receiver consumes 281 mW. The difference is due
to the lower power consumption of the LNA in comparison to
the power amplifier. The overall functionality of the MMICs
is verified by on-wafer measurements. The 300 GHz RF input
signal of the receiver is synthesized using IAF in-house built
frequency multiplier and amplifier modules. The LO signal
around 70 GHz is generated using a commercially available
frequency synthesizer with extension module and an IAF
in-house built amplifier module. The same LO source is
used for both transmitter and receiver. For the receiver the
IF output signal at W-band frequencies is measured using a
commercially available spectrum analyzer. Due to the lower
cut-off frequency of the W-band waveguide, this measurement
setup is limited to IF frequencies above 65GHz. For the
on-wafer measurement of the 300 GHz transmitter MMIC,
the IF signal is generated using a commercially available
frequency synthesizer with extension module. In this case, the
IF frequency band is limited to frequencies above 70 GHz. The
300 GHz output power of the TX MMIC is measured using
a commercially available power meter. All measurements are
calibrated on waveguide level and the known probe losses are
deembedded.

Fig. 3 shows the measured output power of the transmitter,
Pout, versus IF input power, Pir, and the comparison to
the simulation. This measurement is conducted for an LO
frequency of 73.5 GHz, an LO input power of —2dBm and
an IF frequency of 75 GHz. The P14 oyt is measured to be at
-3dBm, while the simulated output-related compression point
lies at 2dBm. Hence, a difference of 5dB can be observed
between measurement and simulation. If a 10dB back-off
from the 1-dB compression point is considered, which would
allow the transmission of complex modulation formats like
64QAM, a distance of around 80 meters could be covered.
For the link budget calculation an antenna system consisting
of a transmitter and a receiver antenna with a total gain of
around 90 dBi. To increase the distance even further the usage
of additional power amplifier modules like the one presented
in [8] is necessary.

Fig. 4 shows the measured output power of the transmitter,
Pout, versus IF frequency, fip, and the comparison with
the simulation. This measurement is conducted with an LO
frequency of 73.5 GHz, an LO input power of —2dBm and
four different IF input powers: -15, -10, -5 and 0 dBm. The
IF frequency is limited by the setup to 75 GHz. Very good
accordance between measurement and simulation is observed
for low input power, below —10dBm. For increasing input
powers the difference between measurement and simulation
increases up to around 4 dB for an IF input of 0 dBm. Overall,
it can be concluded that the transmitter is very broadband with
over 25 GHz of IF bandwidth. The exact bandwidth cannot be



Table 1. Comparison of state-of-the-art transmitter and receiver chipsets with an operation frequency above 250 GHz.

Ref Technology RF Frequency Range BB / IF Frequency Range TX OP14p  Receiver Noise Figure =~ Power Consumption
(3dB limits) in GHz in GHz in dBm in dB in mW
[91 40nm CMOS 260 - 270 0 - 20! -52 22.9 1790
[10] 80nm InP-HEMT 272 - 302 2-32 -16 n.a. n.a.
[11] 35nm InGaAs mHEMT 270 - 314 0-22 -1 8.6 n.a
This work  35nm InGaAs mHEMT 288 - 320 75 - 90 -3 7.31 637
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Fig. 3. Measurement results of the transmitted output power and comparison
to simulation under the variation of the IF input power.
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Fig. 4. Measurement results of the transmitted output power and comparison
to simulation under the variation of the IF frequency.

determined since it exceeds the measurement range.

For the integrated receiver similar measurements were
conducted. The bandwidth of the receiver is dependent on
the used LO frequency, as depicted in Fig.5. For an LO of
72 GHz the 3-dB RF bandwidth calculates to 15 GHz, from
288 to 303 GHz. For an LO of around 73.5 GHz the maximum
conversion gain is around 11 dB and the 3-dB RF bandwidth
of 22 GHz between 293 and 315 GHz. The last measured LO
frequency lies at 75.5 GHz. The possible measurement range
for this LO frequency starts at only 291.5 GHz, limited by the
measurement setup of the IF port. The 3-dB RF bandwidth
covers the range from 295 GHz to 320 GHz. Compared to
simulations, there is a good agreement, with deviations below
2dB, for the LO frequencies of 73.5 GHz and 75.5 GHz in
the RF frequency range between 303 and 313 GHz. Below
303 GHz and for the LO frequency of 72 GHz the deviation
is higher, peaking at 8 dB for 285 GHz.
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Fig. 5. Measurement results of the conversion gain of the designed receiver
and comparison to simulation under the variation of the RF frequency.
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Fig. 6. Measurement results of the conversion gain of the designed receiver
and comparison to simulation under the variation of the RF input power.

The linearity of the RX is plotted in Fig.6. The
measurement is conducted with a constant LO frequency of
75.5 GHz, at an input power of —2 dBm and three different RF
frequencies: 301.5, 306.5 and 312.5 GHz. A relatively constant
deviation of 2 to 4dB is observed between measurement and
simulation. A maximum conversion gain of around 13 dB was
simulated, while the measured conversion gain only reaches a
maximum of around 9dB for an RF of 301.5 GHz and 11dB
for the other two RF frequencies. The measured input-referred
1-dB compression point is 3 dB lower than the simulated one,
at —26 dBm RF input power.

An important measurement which cannot be conducted
on-wafer due to the lack of available sources is the
measurement of the noise figure of the receiver. Considering
the simulated noise figure of the LNA, the overall noise figure
of the receiver can be calculated using Friis’ formula and lies at
7.2 dB which corresponds to measurements of similar circuits
in that technology [12]. After the integration into a waveguide
module, the noise figure can further degrade.



IV. COMPARISON TO STATE-OF-THE-ART

Table 1 shows the comparison to the state-of-the-art
transmitter and receiver chipsets operating above 250 GHz.
For this comparison all solid-state technologies that allow
operation at these frequencies and the best performing chipset
of the technology have been considered.

The MMIC chipset presented in this work is the only one
operating with an IF input frequency above 75 GHz, supporting
a superheterodyne transmission. This works exceeds the state
of the art not only by architecture choice, but also by the
lowest power consumption, a topic that gains more and more
importance in the discussion about future networks. Although
low-noise measurements cannot be conducted due to the
lack of available sources, the receiver is expected to have
a very low noise figure, similar to other 300 GHz receivers
fabricated with the 35 nm InGaAs mHEMT technology [12].
In terms of linearity, especially important for the transmitter,
measured by the output-referred 1-dB compression point, the
presented TX MMIC is close to the state-of-the art. Only the
transmitter fabricated in the same technology [11] shows a
slightly better performance. Furthermore, the presented MMIC
chipset operates at the highest reported RF range.

V. CONCLUSION

This paper presents a transmit and receive chipset
fabricated in a 35nm InGaAs mHEMT technology. The
MMICs integrate a frequency multiplier by three, a buffer
amplifier, a frequency converter and an RF power amplifier
or a first RF low-noise amplifier. The LO input frequency
lies between 72 and 75.5 GHz, the 3-dB bandwidth of the
IF frequency is measured to exceed the range between 75
to 95 GHz and the RF frequency centers around 300 GHz,
depending on the combination of LO and IF frequency. The
superheterodyne transmission scheme allows the combination
of wireless links developed in the frame of 5G, operating
at frequencies above 60 GHz, with the RF system composed
of the presented TX and RX. The proposed solution enables
the integration of THz communication into a live application.
The TX-RX chipset shows state-of-the-art high frequency
performance in terms of bandwidth and linearity, and is
therefore a promising candidate for future wireless high data
rate communication systems in the lower THz band around
300 GHz.
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