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SUMMARY  This paper demonstrates 300 GHz terahertz wireless com-
munication using CMOS transmitter (TX) and receiver (RX) modules tar-
geting sixth-generation (6G). To extend communication distance, CMOS
modules with WR-3.4 waveguide interface and a high-gain antenna of
40 dBi Cassegrain antenna are designed, achieving 36 Gbps throughput at
a 1 m communication distance. Besides, in order to support orthogonal
frequency-division multiplexing (OFDM), a self-heterodyne architecture
is introduced, which effectively cancels the phase noise in multi-carrier
modulation. As a proof-of-concept (PoC), the paper successfully demon-
strates real-time video transfer at a 10 m communication distance using
fifth-generation (5G) based OFDM at the 300 GHz frequency band.

key words: 6G, THz, 300 GHz, Cassegrain antenna, OFDM, CMOS, trans-
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1. Introduction

5G service has begun wide deployment in 2020, where
in addition to utilizing the sub-6 GHz frequency band, the
millimeter-wave frequency band, typically around 28 GHz,
is being introduced for enhanced Mobile Broadband
(eMBB) that achieves multi-Gigabit-per-second (multi-
Gbps) throughput. Recently, 5G evolution has been under
discussion, and the use of the 52 GHz is being studied for
further enhancement [1]. Following this trend, terahertz fre-
quency bands, i.e., 100 GHz to 300 GHz, is also being stud-
ied toward 6G [2], [3].

By utilizing its broadband characteristic of the tera-
hertz band which even exceeds the millimeter frequency
bands, it is possible to further enhance the wide range of
B2C (Business-to-Consumer)/B2B (Business-to-Business)
services that will be put into practice by 5G. Typical
use cases of terahertz communication are wireless back-
haul/fronthaul, ultra-high-definition video transfer and bulk
data upload/download, to name a few examples.
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Realization of terahertz wireless transceivers has been
actively studied in academic and research institutes, and pre-
vious works report photonic-based transceivers [4], [S] and
compound semiconductor-based transceivers [6]-[8]. On
the other hand, in order to introduce terahertz wireless com-
munication into the market, suitability of mass-production
is critically important. To this end, the authors have studied
realization of CMOS-based 300 GHz transceivers [9]-[13]
and achieved 32 Gbps throughput [12].

However, the communication distance of the previous
work [12] is only 5cm and the experiments are done with
on-wafer probing. Moreover, the work demonstrated the
performance of single-carrier modulation, but OFDM will
likely be adopted in 6G as a natural extension of 5G. In
this paper, we tackle the extension of communication dis-
tance and the support of an OFDM signal based on 5G. As
a proof-of-concept, this paper also demonstrates real-time
video transfer using the 300 GHz frequency band [14], [15].

The major contributions of this paper are as follows.

1. Designed 300 GHz CMOS TX/RX modules and high-
gain Cassegrain antenna realizing 36 Gbps throughput
at a 1 m communication distance.

2. Introduced a self-heterodyne architecture that lowers
inter-carrier interference (ICI) due to phase noise, en-
abling OFDM communication at the 300 GHz fre-
quency band.

3. Demonstrated real-time video transfer over a 10m
communication distance at the 300 GHz frequency
band with 5G based OFDM as a PoC of 6G.

This paper is organized as follows. Section 2 addresses
the issues of extending the communication distance and sup-
port of an OFDM. It also explains implementation and op-
eration principles of two selected architectures. Section 3
describes the design of TX/RX modules and Sect. 4 covers
the high-gain antenna design. Section 5 shows measurement
results, and is followed by concluding remarks in Sect. 6.

2. System Architecture
This section first discusses the issues of extending the com-

munication distance and support of an OFDM, and then in-
troduces two selected architecture used in this paper.

Copyright © 2021 The Institute of Electronics, Information and Communication Engineers
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Table1 Reference of 5G based OFDM signal.

System specification Description

Supported modulation BPSK (1/5)

(Codding rates) QPSK (1/4, 1/2, 3/4)
16-QAM (1/2, 3/4,7/8)
64-QAM (3/4,7/8)

Waveform (OFDM) 2048 FFT size, 160/144 CP length,
1200 active subcarriers,
75-kHz subcarrier spacing

Bandwidth Nx100 MHz component carriers
(N = 8 max)

Component carrier spacing | 100 MHz

Occupied bandwidth 90.075 MHz

2.1 TIssues of Extending the Communication Distance

Assuming an in-studio use-case with 10 m wireless com-
munication such as video transmission from TV cameras,
the free space loss at 300 GHz is more than 100dB. In or-
der to extend the communication distance, high transmission
power, low noise figure (NF) and high antenna gain are re-
quired. However, since the maximum operating frequency
(fmax) of CMOS technology is comparable to or lower than
the terahertz frequency, it is difficult to integrate RF am-
plifiers in CMOS technology. In addition, it is difficult to
design a high gain antenna on IC or printed circuit board
(PCB) because of its large loss in 300 GHz band. To ex-
tend communication distance, development of modules that
can interface with an external RF amplifier or a high-gain
antenna via the WR-3.4 rectangular waveguide (WG) inter-
face is required. Moreover, the design of high gain antenna
with WR-3.4 interface is required.

2.2 Issues of OFDM System

5G utilizes OFDM in its waveform that provides flexibility
in the size of the spectrum allocation and the bandwidth.
However, the OFDM requires lower phase noise as com-
pared to the single-carrier modulation [16]-[18], which is
critical for a terahertz frequency band because the phase
noise of radios are escalated by a factor of 20 log(N) where
N is the multiplication factor of a carrier frequency. Ta-
ble 1 summarizes specifications of OFDM used in this pa-
per, which are based on 5G. The FFT size is 2048 points, and
it employs turbo coding as an error correction scheme. The
modulation and coding scheme (MCS) can vary depending
on the environment. In this work, eight OFDM signals are
lined up as illustrated in Fig. 1. Since subcarrier spacing is
only 75 kHz, each subcarrier suffers from ICI. The OFDM
signals are greatly affected by phase noise because of the
narrow subcarrier spacing.

2.3 300-GHz-Band Wireless System
In this paper, two different modes of architectures are

adopted.
Figure 2 (a) shows Mode 1, which is a heterodyne ar-
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Fig.1  Spectrum of 5G based OFDM signal.

chitecture. TX and RX circuits are based on the ones pre-
sented in [10], [11] and external local signals (LOs) are fed
to TX and RX circuits.

Figure 2 (b) shows Mode 2, which is a self-heterodyne
architecture [15], [19]-[22]. In this architecture, the LO is
transmitted from the TX, which is used as the LO in the
RX. Since the same LOs are utilized in both TX and RX,
the phase noise can be canceled. In addition, since the LO
chain in the RX is not required, power consumption can be
reduced.

In this paper, Mode 1 is intended for evaluating highest
throughput at an extended communication distance, whereas
Mode 2 is adopted to demonstrate real-time video transfer
utilizing a 5G based OFDM signal.

2.4 Operation Principle

By referring to Fig. 2, operation principles of Mode 1 and
Mode 2 are analyzed.

The inputs of the up-conversion mixers, /F, are multi-
plied by the LO3, which is expressed as

IF, =K - LO; - IF, (1)

where K represents constant coefficient. In addition to (1),
LO leakage signals, LOI3_:, are fed into the square mixers,
and the outputs of square mixers, RFp and RFy, are given
as follows.

RFp = A(LO;, + IF,)? ()

RFx = B(LO], - IF,)?, (3)
where A and B represent constant coefficients. These out-
puts are combined by a balun. Assuming the imbalance ra-
tio of the balun input as Ae, the single-ended output, RF,
is expressed as

RFs = RFp — RFy

5 (4)
= LO + RF + AAalF5,

where
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Fig.2  Proposed architecture of 300-GHz band wireless system: (a) Heterodyne architecture (Mode
1), and (b) Self-heterodyne architecture (Mode 2).
LO = AAaLOy, (5)
RF =2K(2 - Aa)A - LOS - IF (6)
Ao =228 7 a
a = T ( )

In Mode 1, by adjusting the bias condition of the driver
amplifiers, Ae can be sufficiently made small to eliminate
unwanted signal components, and then (4) is approximated
as 4KA - LOg - IF. In Mode 2, the bias condition of driver
amplifiers are adjusted to create imbalance of the differential
signals, and then the LO leakage, LO, as well as the desired
signal, RF are transmitted from the antenna.

In the receiver side, the input RF signal is downcon-
verted by the down conversion mixer. Since the LO is trans-
mitted from TX in Mode 2, the LO chain does not need to
operate in Mode 2. In actual implementation, the mixer in
the RX is based on a double balanced mixer. In Mode 1,
the LOs in the RX are input to the gate nodes of MOSFET
switches. In Mode 2, both RF and LO transmitted by the TX
are fed to source nodes of MOSFET switches in the RX. In
this case, the mixer operates as a source pumped mixer [22].

Transmission line

Back-short hole ()\g/4)

Fig.3 CMOS-chip-to-waveguide transition via multilayer PCB.

3. Module Design

This section describes the design of TX and RX mod-
ules [23]-[26]. To extend communication distance, we de-
velop TX/RX modules that can interface with a high-gain
antenna via the WR-3.4 rectangular WG interface.

The CMOS chip is flip-chip mounted on a multilayered
glass epoxy PCB, which are superior to LTCC (Low Tem-
perature Co-fired Ceramics) boards [27] in terms of cost.



MORISHITA et al.: 300-GHZ-BAND OFDM VIDEO TRANSMISSION WITH CMOS TX/RX MODULES AND 40 DBI CASSEGRAIN ANTENNA TOWARD 6G

579

(c) (d)

GCPW-to-
WG transition

3 a
o =
= )
(/2]
5 o]
o =
S
(G} (8}

Fig.4  Structure of the CMOS-chip-to-WG transition via multilayer PCB: (a) TX module, (b) RX
module, (c) close-up of the GCPW-to-WG transition, (d) top view of the transition. And photograph
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Fig.5 Measured output power of the TX module (a) as a function of
input IF power, and (b) as a function of frequency.

In the following, the module structure and performance are
briefly explained.

3.1 TX and RX Modules with CMOS-Chip-to-WG Tran-
sition

Figure 3 shows the conceptual design of our CMOS-chip to-
WG transition [26]. We adopt a two-stage transition: from
CMOS chip to the PCB and then from the PCB to the WG.
The designed module structure is explained with Fig. 4.
Figure 4 (a) and (b) show the layers of the glass epoxy PCB
of the TX module and the RX module, respectively. The
CMOS TX chip [10] and the RX chip [11], fabricated using
a 40nm CMOS technology, are mounted near the center of
the PCB by gold stud bump flip-chip bonding underneath a
WR-3.4 waveguide flange. They are connected to a short
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> o]
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RF input power [dBm]

Fig.6  Measured output power and conversion gain of the RX module
and bare chip with an IF output as a function of RF input power.

grounded coplanar waveguide (GCPW). Figure 4 (c) shows
a close-up view of the GCPW-to-rectangular-waveguide
transition. The pads for the 300 GHz RF signal are 75 ym-
pitch ground-signal-ground (GSG) pads. The height of the
bumps is approximately 20 um. Figure 4 (d) shows a rect-
angular “probe” that excites the TE10 mode in the WR-3.4
WG flange. The “probe” is made of the top metal layer (L1)
of the PCB and a back-short is made of the bottom metal
layer (L4). Vias, L2 and L3 layers form the vertical back-
short hollow in the PCB. The depth of the back-short struc-
ture should ideally be A,/4, where A, is the wavelength of
the RF signal in waveguide. Figure 4 (e) and (g) show TX
and RX modules with the WR-3.4 WG flange. The WR-3.4
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(b) QPSK 36 Gbps, (c) 16QAM 20 Gbps.

flange mounted on the PCB completely covers the chip, the
GCPW, and the back-short hollow. On the bottom side of the
flange is a hollow that accommodates the chip. Figure 4 (f)
and (h) show TX and RX modules with an aluminum hous-
ing.
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3.2 Module Performance

Figure 5 shows the measured output power of the TX mod-
ule. The IF frequency and the external LO power are set to
1 GHz and 6 dBm. Figure 5 (a) shows the measured output
power of the TX module as a function of the input IF power.
The fio/6 is set to 48.5 GHz. The peak output power of
the desired signal is —13.5 dBm. The peak output power of
the bare CMOS chip is —5.5 dBm and the packaging loss is
estimated as about 8 dB. Figure 5 (b) shows the frequency
response of the output power of the TX module. The input
IF power is set to 4dBm. The 3 dB bandwidth is approxi-
mately 10 GHz with a center frequency of 305 GHz.

The measured output power and the conversion gain
of the RX module in Mode 1 as a function of the input
RF power are shown in Fig. 6. The RF frequency is set to
291 GHz and fi orx/6 signal is set to 48.3 GHz with 2 dBm.
The peak conversion gain is about —23.7dB. The output
power of the CMOS bare chip is —19.5 dBm, and the pack-
aging loss is estimated as about 4 dB. Figure 7 shows the
conversion gain and the NF of the RX module as a func-
tion of the input frequency. The RF input power is set to
—15dBm, and the fiorx/6 signal is set to 48.3 GHz with
2dBm. The 3 dB bandwidth of the module is measured as
18.4GHz. The total NF of the RX is measured as about
33 dB, which is 6dB higher than that of the CMOS bare
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Fig.12  300-GHz-band real time video transfer system: (a) Block dia-
gram, (b) photograph of RF and LO unit, and measurement setup at the
distance of (c) 3m, (d) 10m. (e) Measured constellation and spectrum at
10m.

chip.
4. Antenna Design

This section describes design of a high-gain Cassegrain an-
tenna with WR-3.4 WG interface [14], [28].

4.1 Antenna Structure

Figure 8 (a) shows the structure of the Cassegrain antenna.
A horn antenna is used for the radiator. The main and sub
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Table2  Performance summary and comparison.
Technology (IC) | Frequency | Antenna gain | Distance | Datarate | Real-time video transfer? Modulation
[GHz] [dBi] [Gbps]
40-nm CMOS 293.7 39 (290GHz) 1.68 Yes OFDM
This | w/ external amp. 40 (300GHz) (16QAM)
work 40-nm 291.6 39 (290GHz) 36 No Single carrier
CMOS 40 (300GHz) (QPSK)
[6] 80-nm 290 50 120 No Single carrier
InP HEMT (16QAM)
[7] 35-nm 300 24 64 No Single carrier
GaAs mHEMT (QPSK)
[8] 35-nm 240 55 64 No Single carrier
GaAs mHEMT (8PSK)
[30] 130-nm 230 N. A. 100 No Single carrier
SiGe (16QAM)

mirrors are made of aluminum. The submirror is attached
to the radome. The radome is fabricated of Cyclo-Olefin
Polymer (COP). Figure 8 (b) and (c) summarize the design
parameters, which are optimized for higher gain by using
the finite-difference time-domain (FDTD) method. Since
the wavelength of the 300 GHz signal is only 1 mm (in free
space), the manufacturing error degrades the antenna per-
formance. Simulation results indicate that the distance be-
tween the radiator and the sub mirror has large impact. To
compensate for this variation, as illustrated in Fig. 8 (d), we
introduce spacers between the sub mirror and the radome to
adjust the distance in the manufacturing process. The man-
ufactured Cassegrain antenna is shown in Fig. 8 ().

4.2 Antenna Performance

Figure 9 summarizes the measured antenna performance. In
Fig. 9 (a), the distance between the radiator and the sub mir-
ror is varied by changing the number of spacers. At the op-
timum, more than 40 dBi maximum gain is achieved. Fig-
ure 9 (c) and (d) show the measured antenna patterns. The
half width is about 1.3°. The antenna aperture efficiency is
28.1%, which is 22.6% higher than that reported in [29].

5. Wireless System Performance

In this section, we first evaluate the throughput of the CMOS
modules with Cassegrain antenna. After that, we inves-
tigate effects of phase noise reduction by introducing the
self-heterodyne architecture, and then demonstrate real time
video transfer with 5G based OFDM signals.

5.1 Throughput of CMOS Modules with Cassegrain An-
tenna

Figure 10 shows the measurement setup and measured con-
stellations of 1m wireless transmission with employing
40dBi Cassegrain antennas. TX/RX modules operate in
Mode 1 with single carrier modulation signal in order to
evaluate the highest throughput of the CMOS modules with
Cassegrain antenna.

Figure 10 depicts measured constellations of the two
cases. The maximum data rate of 36 Gbps with QPSK mod-
ulation is achieved at the carrier frequency of 291.6 GHz.

With lower symbol rate, it can also support 16QAM at the
data rate of 20 Gbps.

5.2 Phase Noise Reduction Due to Self-Heterodyne Archi-
tecture

To investigate effects of phase noise reduction due to the
self-heterodyne architecture, we measured phase noise at
IF output (Mode 1/Mode 2) and IF input as illustrated in
Fig. 11 (a)—(c). The RF unit is composed of TX or RX
CMOS module, the bias control board, the power supply
board, and the external amplifier (TX: Gain 15 dB, RX: Gain
26 dB, NF 8 dB).

Figure 11(d) shows the measured results. By com-
paring the phase noise of the IF outputs (Mode 1/Mode 2),
we confirm that Mode 2 achieved about 40 dB lower phase
noise at 10 kHz offset frequency. The IF output phase noise
of Mode 2 is close to that of the IF input (SG). These results
validate the effect of phase noise cancellation due to the self-
heterodyne architecture. The data rate of the video source
for the real time transfer is 1.68 Gbps, which requires 19 dB
of CNR (Carrier-to-Noise Ratio). Assuming that the CNR
degradation by phase noise is less than 0.4 dB, the integrated
phase noise over the 225 kHz bandwidth, which corresponds
to three subcarrier spacing, is —30 dBc. This is translated to
—83.5 dBc/Hz of in-band phase noise, which is satisfied by
Mode 2 as shown in Fig. 11 (d).

5.3 Real Time Video Transfer with 5G Based Protocol

To prove the concept, we demonstrate real time video trans-
fer at a 300 GHz frequency band. Figure 12 (a) shows a
block diagram of the system where TX/RX modules oper-
ate in Mode 2. PCs and the baseband (BB) units are inter-
faced with PCI Express. The TX BB unit generates OFDM
signals shown in Fig. 1 at a 10.5 GHz IF frequency, which
is up-converted to 293.7 GHz by the TX RF unit. The RF
signal and TX LO leakage are transmitted and received by
TX and RX Cassegrain antennas. The RX RF unit down-
converts the received RF signal to a 10.5 GHz IF frequency
by using received TX LO leakage, which is demodulated by
the RX BB unit to stream a video on the display monitor.
The hardware of the RF unit is housed in a compact case as
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well as an LO unit. Figure 12 (b) shows a photograph of the
system, whose volume is 15 cmx20 cmx10 cm.

Figure 12 (c) and (d) show measurement setup at 3 m
and 10 m communication distance. Figure 12 (e) and (f)
show the constellation and the output spectrum measured
at a 10 m communication distance. Measured error-vector-
magnitude (EVM) is 13.7%. As shown in Fig. 12 (d), the
developed prototype system successfully demonstrates real
time video transfer at a 10 m distance.

Table 2 summarizes a performance comparison. Us-
ing CMOS modules, this work achieves 36 Gbps through-
put at a 1 m communication distance. In addition, this
work achieves 10 m real-time video transfer with 5G based
OFDM signals at a 300 GHz frequency band.

6. Conclusion

This paper has demonstrated 300 GHz terahertz wireless
communication using CMOS transmitter and receiver mod-
ules. To extend communication distance, CMOS modules
with WR-3.4 waveguide interface and a high-gain antenna
of 40 dBi Cassegrain antenna have been designed, achiev-
ing 36 Gbps throughput at a 1 m communication distance.
Besides, in order to support OFDM, a self-heterodyne ar-
chitecture has been introduced, which effectively cancels
the phase noise in multi-carrier modulation. As a proof-of-
concept, the paper has successfully demonstrated 10 m real
time video transfer using 5G based OFDM at a 300 GHz
frequency band.
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