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This paper presents a fully-electronic wireless link operating at the 250 GHz frequency. The key ele-
ments of the developed system are the voltage-controlled harmonic oscillator implemented in 65 nm com-
plementary metal-oxide-semiconductor technology (CMOS) and a quasi-optical detector with a resonant-
antenna-coupled field-effect transistor completed in 90 nm CMOS. The source is optimjzed for the third
harmonic emission at 252 GHz with radiated power reaching up to —-11 dBm (decibels with reference to one
milliwatt) level. The detector has a resonance maximum of 254 GHz with a bandwidth of 25% and a mini-
mal optical noise equivalent power of 22 pW/VHz. We employ an on-off keying technique for data coding
and demonstrate digital signal transmission from 0.4 to 18 m distances. At 0.4 m distance and modulation
frequency of 32 MHz, we achieve a 15.9 dB signal-to-noise ratio. The channel capacity of assembled com-
munication link reaches 266 Mbit/s. However, it is limited by external electronic components - the ampli-
fier and the modulator bandwidths. Implementing state-of-the-art high-frequency circuits should allow

directly scaling the throughput to 10 Gbit/s.
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1. Introduction

The terahertz (THz) frequency range is character-
ized by a wide variety of phenomena and can be
used in many fields, such as materials science, se-
curity technology and wireless communications [Iil,
ﬁ]. The advanced terahertz communication links
at frequencies over 100 GHz, developed rapidly
in recent years, open possibilities to achieve ex-
tremely large data transmission bandwidths reach-
ing to multi-Gbps per channel [H, H]. The telecom-
munication community has already identified and
widely discussed the demand for such data rates.
The deployment of commercial 5th generation mo-
bile communication (or 5G) is already started in
many countries since 2020. The future generation
of high-speed mobile links (6G or even 7G) can be

based on the THz frequency range [E]. Another big
demand for high data rates comes from the short-
range wireless communications (such as Wi-Fi) in-
dustry [g].

Higher carrier frequencies are expected to re-
sult in higher data rates. Notably, THz communi-
cation links have several advantages compared to
other high-frequency rivals, such as being based on
shorter infrared (IR) or optical wavelengths. In par-
ticular, free-space propagated THz signals are at-
tenuated less by the atmosphere than IR beams un-
der certain weather conditions, especially in fog or
rain [ﬁ]. In addition, THz waves can pass through
some opaque materials [E]. In 2020, the ratified
standard IEEE 802.15.3d proposed a channel allo-
cation near 300 GHz [E]. In 2019, the International
Telecommunication Union (ITU) also identified
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275 to 296 GHz as suitable for telecommunica-
tions [@]. Also, a portion of the microwave band of
the radio spectrum, between 241 and 250 GHz, is
internationally allocated to amateur radio and ama-
teur satellite use [].

Novel THz communication links employ dif-
ferent generation and detection techniques, for
example, photonic-based or all electronic-based
approaches with different compound semiconduc-
tor (GaAs, SiGe) or Si semiconductor devices [ﬁ].
The latter, the industrial mainstream complementa-
ry metal-oxide-semiconductor (CMOS) technology,
is very promising due to its readiness for large-scale
integration or implementation of power combin-
ing techniques using integrated array antennas for
higher output power []. Si CMOS-based device
has already shown good results in quasi-optical THz
imaging systems as radiation detectors [[I3-15] and
emitters [, ] exhibiting signal-to-noise ratio
(SNR) with 62 dB in the direct detection regime for
one Hz equivalent noise bandwidth [@]. The new
terahertz generation and detection approaches were
facilitated by local nonlinearities of field effect tran-
sistors, which can be used even above their cut-off
frequency for a rectification [] as well as for fre-
quency up-conversion [@].

A variety of fast and efficient THz waves control-
ling components and devices, such as THz transmit-
ters, receivers, passive optical elements and fast am-
plitude modulators, are needed to build a practical
THz data transmission system. Currently, the most
advanced silicon technologies already enable
the fabrication of complex electronic circuits direct-
ly operating in the microwave frequency range and
touching the bottom limit of the terahertz band [
@]. The progress of transceivers — the core of any
communication system — in the sub-100-GHz range
has risen rapidly in the second decade of this cen-
tury. The data rate of such devices recently reached
120 Gb/s [E]. Some devices reached more than
50 Gb/s even at 14 GHz [@]. However, methods and
devices for fast data transmission using THz waves
are still under development. Recently, the 300 GHz
single-chip CMOS transceiver with 80 Gb/s data
rate has been demonstrated [@]. Two years earlier
than that, the 300 GHz and 105 Gb/s transmitter was
developed [@]. Despite these outstanding achieve-
ments, the majority of recent THz transceivers and
transmitters in CMOS have exhibited the date rate

lower than 30 Gb/s [].

Here, we report on a free space all-electronic
THz communication system, which fully consists of
antenna-integrated Si-CMOS field-effect transistors
(TeraFETs) and is potentially capable of transmitting
10 GBit/s signals.

2. Devices

The key elements of the developed transmission
system are the harmonic oscillator implemented
in 65 nm CMOS and the detector implemented in
90 nm CMOS technology. The principles of opera-
tion of both devices and the combined performance
as an optopair are in detail described elsewhere [].
Here we direct our attention to additional peculiari-
ties which are of importance for data transmission
experiments. Both the detector and the source of
radiation were assembled by using high resistivity
silicon substrate lenses with 12 mm diameter and
6.8 mm height with an additional 500 ym spacer.
The concept of the assembly is presented in Fig. [li(a),
whereas their photographs are presented in Fig. [l(b).
The printed circuit board (PCB) with pads for bond-
ing wires are fixed to the XY translation stage which
allows a fine adjustment of the device to the centre
of hyper-hemispheric Si lens which is located at
the centre of 30 mm cage system.

The voltage responsivity of the detector was meas-
ured with two THz sources independently. The power
of sources was estimated using calibrated pyroelectric
and optoacoustic THz power detectors. The resulting
responsivity is presented in Fig. Q(a) for an electronic
multiplier (a red line marked ‘with electronic source’)
and a photomixer source (a blue line with symbols).
The light grayed curve of the background shows the
raw data from standing waves in the photomixer-
based measurement system. The maximum respon-
sivity is optimized for 254 GHz frequency, and a full-
width-at-half-maximum bandwidth of about 25%
with the details on the integrated antenna reported
previously [@]. However, for fast data transmission
experiments, we have modified the low-noise pre-
amplifier circuit by selecting, to our knowledge, one
of the fastest on the market available integrated cir-
cuits (IC) with FET input (Texas Instruments OPA858
with 5.5 GHz gain bandwidth). By this, we extended
the modulation bandwidth from the previously re-
ported 3 to 40 MHz — however, paying with the price
in the increase of the 1/f noise corner frequency to
about 4 kHz (see Fig. Q(b)). For the comparison,
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Fig. 1. (a) A simplified sketch for the oscillator (top) and detector (bottom) as-
semblies. The construction of both systems shares a similar concept and ele-
ments: a high resistivity silicon lens (denoted as 1) with 12 mm diameter and
6.8 mm height, a 500 ym thick undoped silicon substrate wafer (2) which is glued
to the PCB (3) with bonding pads and protection electronics. The flat interface
between the 1 and 2 components allows sliding the device over the lens cen-
tre. (b) Photos of packaged oscillator and detector modules utilized in the data
transmission line. LNA, low-noise amplifier; Ve gate-source voltage; V_, drain-
source voltage; PCB, printed circuit board.

our first implementation reported in Ref. @ exhib-
its the 1/f noise corner frequency as low as 10 Hz.
The main bandwidth limiting aspect can be attrib-
uted to the comparatively high impedance of the de-
tector (usually about 4 kQ), which in conjunction

(a)

DS’

with the 1 pF input capacitance of IC exactly predicts
the measured 40 MHz modulation bandwidth.

The spectral density of output voltage fluctuations
presented in Fig. @(b) also reveals three important
frequency regimes. First, at low frequencies before

(b)

Fig. 2. (a) The responsivity of the detector was measured with two THz sources: an electronic multiplier (a red
line) and a photomixer source (a blue line with symbols). The light grayed curve of the background shows the
raw data from standing waves in the photomixer-based measurement system. (b) The spectrum of the spectral
density of output voltage fluctuations. The frequency range from 1 Hz to 1 GHz was covered by combining

measurements performed with several devices.
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the so-called 1/f noise corner, a frequency output
noise is dominated by 1/f noise. Second, in the in-
termediate frequency range up to about 40 MHz,
the output noise is mainly determined by thermal
fluctuations of the detector resistance at which
the minimal optical noise-equivalent power (NEP)
of 22 pW/VHz can be reached. Third, a weakly pro-
nounced noise peak at higher frequencies origi-
nates from the current noise of amplifier circuitry.
To not diminish the maximal possible signal-to-
noise ratio (SNR) of the data transmission system,
which is defined by the thermal noise of the detec-
tor, the high-frequency noise of components should
be kept at a minimum.

Figure E presents two home-built setups im-
plemented in order to determine the spectrum of
CMOS sources. The harmonic content of the emis-
sion was investigated with a Michelson-type in-
terferometer with a broadband detector [é)], see
Fig. E(a). Whereas the high-resolution spectros-
copy, as well as phase noise measurements, have
been performed using the heterodyne setup pre-
sented in Fig. H(b). The latter scheme is based
on detecting a beat signal between the spatially
overlapped radiation from the device under test
(the CMOS emitter) and the frequency multiplied
synthesized generator. This setup allows one not

Movable
mirror

Off-axis
parabolic Beam
mirror splitter
Flat
mirror
DUT: TeraFET
CMOS THz detector
(a) emitter

only to determine the dependence of the frequen-
cy of CMOS source oscillations but also to esti-
mate its phase noise from the line-width of mixing
signal at intermediate frequencies.

The amplitude of the Fourier transformed au-
tocorrelation signal of the emitted spectrum is
presented in Fig. @(a). As designed, most power
is concentrated in the 3rd harmonic at 256 GHz.
However, many higher harmonics can be seen in
the calculated spectrum. Most of them are believed
to be the numerical artifacts of the analysis. The re-
flections cause these artifacts in the measurement
setup. The impact of back-reflected radiation weak-
ly depends on the emission strength of the source.
Even two 8 dB attenuators did not completely sup-
press the harmonics, leaving the six and nine at
520 and 776 GHz. To be certain about the origin of
spectral peaks at higher harmonics, it is necessary
to carry out an additional experiment with reso-
nant detectors in the vicinity of these frequencies.

The spectrum of the mixing signal at interme-
diate frequencies is presented in Fig. @(b). Based
on the analysis of the linewidth, we find that
the phase noise at a 1 MHz distance from the cen-
tral peak is as low as -80 dBc/Hz (i.e. dB/Hz
relative to carrier) for the operation bias condi-
tions (gate voltage 0.95 V an drain voltage 1.4 V),

Off-axis
Tunable THz parabolic
source mirror
A
Beam
splitter Absorber
1,
DUT: _ TeraFET
CMOS THz F=f -1, detector
(b) emitter

Fig. 3. Setups for determination of emitter radiation frequency. (a) A home-built Fourier transform interfer-
ometer with a broadband detector. (b) The heterodyne mixing setup with an additional source in the role of
local oscillator. The radiation from the CMOS THz emitter (a device under test - DUT) is overlapped with
the synthesized frequency multiplied source (a reference).
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Fig. 4. (a) The CMOS THz emitter spectrum was measured with a Michelson-type interferometer. (b) The spec-
trum of the mixing signal at the intermediate frequencies was measured with a heterodyne setup. The gate

voltage is 0.95 V, drain bias is 1.4 V.

which compares well with the state-of-the-art
values reported for the comparable free-running
voltage-controlled oscillators [@, @].

3. Wireless digital data transmission link

The implemented point-to-point wireless data
transmission link schematic is presented in Fig. E
The bias conditions for the transmitter were set
to have the optimized third harmonic emission
at 252 GHz. The maximum radiated power of
-11 dBm (decibels with reference to one milliwatt)
has been measured with a calibrated power detec-
tor. Off-axis parabolic mirrors with two different
reflected focal lengths (RFL) were used: ones with
4-inch RFL and 2-inch diameter for short data

. Distance
Pargbohc 04-15m
mirror
Transmitter
Bias
00K
modulator
CMOS THz
Signal emitter
generator Computer

transmission distances up to 0.5 m, and mirrors
with 6-inch RFL and 3-inch diameter for longer
distances up to 18 m. A system with larger aperture
mirrors has lower power losses at longer distances.

Since the implemented control circuit of
the source currently allows only an on/oft keying
scheme, a Raspberry Pi Pico microcontroller was
used for data coding. The maximum bandwidth of
the data stream using the serial peripheral interface
(SPI) of the microcontroller is 32 Mb/s. The data
stream consisted of the ‘Hello World’ text message
encoded with ASCII (abbreviated from the Ameri-
can Standard Code for Information Interchange).
The detected and demodulated data stream was re-
corded and analysed from the time traces taken by
a Tektronix TBS 1072B oscilloscope.

Parabolic
mirror
Receiver
LNA Oscilloscope
20 dB
TeraFET
detector

Fig. 5. The point-to-point data transmission line. The top left:
the die micrograph of the transmitter, the core area is 305 x 220 ym.
The top right: the micrograph of the receiver chip, the antenna area
is 452 x 452 ym. Abbreviations: OOK, on-off keying; LNA, low-

noise amplifier.
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Additionally, we employed a pulse-width mod-
ulation scheme that allowed the live transmission
of audio signals using 252 GHz carrier frequency
over the 1 m distance and served for demonstra-
tion purposes.

Figure E(a, b) shows the spatial THz beam pro-
files at the focal point of the second 6" off-axis
parabolic mirror at the line-of-sight. The distance
between the collimating and focusing mirrors was
4.8 m. The profiles were recorded in Y and Z di-
rections (a) and X and Y directions (b). We used
our 250 GHz detector with a smaller diameter
(4 mm) Silens and a two-axis motorized scanning
stage for beam profile measurements. The resolu-
tion step of the scan was 0.5 x 0.5 mm?.

The measurement in the YZ plane was allowed
to determine the optimal distance between the de-
tectorand thelast mirror —around 16 cm (Fig. E(a)).
The difference between the experimental value
and the reflected focal point can be explained
with an additional silicon substrate lens used to
focus the THz beam tightly onto the TeraFET
antenna [@] and a slightly greater distance be-
tween the emitter and the first mirror (13 cm
instead of 12.5 cm). The last feature minimizes
the beam propagation losses due to the natural
Gaussian beam divergence. We scanned the beam
profile in the XY plane near the optimal distance
between the detector and the mirror. As expected,
the detected radiation shape is close to the Gauss-
ian shape intensity distribution perpendicular to
the propagation direction (Fig. é(b)). According
to the measurement, the beam diameter of radia-

L,,, =480 cm, Z=16.5 cm, pitch 0.5 mm 1.5 % 10-3

7.6 x 107
0.0

Y (mm)

(a) X (mm)

tion w at half-power (-3 dB) points is 3 mm at
a 16.5 cm distance from the second mirror.

4. Analysis of wireless link capacity

Figure E] presents six open eye diagrams con-
structed from the recorded signal traces modu-
lated by 1, 4, 8, 12 and 16 MHz, and with maximal
for the controller frequency of 32 MHz. An eye
diagram is a common indicator of the quality of
signals in high-speed digital transmissions [B7].
A distortion of the signal waveform due to in-
tersymbol interference, and the noise appears as
the eye pattern’s closure.

For the evaluation of link capacity, here we
focus on the SNR defined as a ratio between
the peak-to-peak quantities of received signal
amplitude and noise, or between the averaged sig-
nal power S and noise power N. The SNR, signal
modulation bandwidth B and channel capacity C
of a communication channel are connected by
the Shannon-Hartley theorem:

C=B-log, (1 +SNR). (1)

The measured SNR at 1 MHz modulation fre-
quency is 20 dB but drops to 15.9 dB at 32 MHz
which is the maximal modulation frequency of
our controller. The capacity of the assembled wire-
less data transmission link with B = 40 MHz and
SNR = 100 can be estimated to reach 266 Mbit/s.
It is important to note that there is a difference
between the SNR obtained in direct power detec-

L, =480 cm, Z=100-195 cm, pitch 0.5 mm 1.6 x10°°
1.1x10°
53x10°

0.0

Y (mm)

(b) Z (mm)

Fig. 6. The beam profiles in YZ plane (a) and XY plane (b) at the focal point of the last 6" off-axis parabolic mir-
ror. The distance between mirrors L, ,is 4.8 m. Z is the detector distance to the second mirror.
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Fig. 7. The eye diagrams of the detector output signal for different modulation frequencies.

tion and heterodyne (which is often used in wire-
less communication links) detection schemes. For
example, for the noise with frequency-independent
spectral components or ‘white’ noise, the SNR of
a heterodyne receiver is inversionally proportional
to signal bandwidth B. While using the power de-
tection scheme, SNR depends on 1/+/ B . This dif-
ference also reflects in the calculations of theoretical
channel capacity in the so-called power-limited case
(SNR « 1), i.e. C = 1.44 - B - SNR. Using the het-
erodyne receiver mode, it becomes independent of
the bandwidth and results in C = 1.44 - S/N, with
N, being defined as the spectral density of white
noise power in Watts per Hertz. With the maximal
achieved mixing signal of 10 dBm (10 mW) and

the spectral density of noise power of -110 dBm/
Hz (determined by the measured spectral density of
voltage fluctuations of 1 #V/VHz in the 50 Q out-
put), the power-limited capacity of this link can
be expected to reach 1.44 - 10'* Bit/s. For the band-
width limiting situation C = 3.32 - B log  SNR and
C = 584 MBit/s for N = -34 dBm - not much differ-
ing from the achieved channel capacity in a direct
power detection scheme. From this analysis, one can
come to a straightforward conclusion that further
improvement of practical communication links re-
quires an increase in bandwidth without producing
additional high frequency noise. With the cut-off
frequencies for the 65 nm CMOS devices exceed-
ing 100 GHz [@], it is feasible to expect the link

(a) (b)

Fig. 8. (a) The transmission system SNR dependence on the line length. The modulation frequency is 20 MHz.
(b) The photo of the 5 m data transmission setup. The detector module with the last 6" focal length off-axis mirror
can be seen.
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operation without bandwidth limitation at 10 GHz
modulation frequencies. Another challenge for im-
plementing practical high data rate systems poses
the so-called signal path loss. To some extent, it can
be compensated by increasing the directivity of
used optical components; eventually, the power
will be lost due to absorption and non-collinear
beam propagation.

The data signals were transmitted at 40 cm,
5 m, 10 m and 18 m distances, with the main re-
sults for modulation at 20 MHz frequency sum-
marized in Fig. E(a). We achieve comparable SNR
for the range from 0.4 to 5 m; for higher distances,
it starts strongly decreasing due to beam diver-
gence.

Finally, although we did not use equipment al-
lowing for GBit/s signal transmission and detec-
tion, we give an indirect proof that our system is
capable of competing with other state-of- the-art
systems, which already proved to be able to trans-
mit 10 GBit/s signals [R0].

5. Conclusions

In this work, we report on a free space all-electron-
ic THz communication system, which consists of
antenna-integrated Si-CMOS field-effect transis-
tors. The transmitter (TX) is based on a voltage-
controlled two field-effect transistors-based difter-
ential Colpitts oscillator coupled with a resonant,
slot-type antenna. It is optimized for the third
harmonic emission at 252 GHz. The maximum
radiated power is —11 dBm. The receiver (RX) is
a resonant-antenna-coupled FET quasi-optical
detector with a substrate lens. It has a resonance
maximum of 254 GHz with a bandwidth of about
25% and a minimal optical NEP of 22 pW/VHz
We employ an on-off keying technique of TX and
a self-made low-noise amplifier on the RX side.
The system demonstrates a signal-to-noise ratio
of 15.9 dB at a 32 MHz modulation frequency
and a channel capacity of 266 MHz. The data
transmission speed in the current system is lim-
ited by used external electronic components -
the LNA and the modulator. However, according
to the Shannon-Hartley theorem, the theoreti-
cal information capacity of the system without
bandwidth limitation based on our core CMOS
elements could be at least 100 Gbit/s per channel.
Implementing state-of-the-art transmitter circuits

should allow directly scaling the throughput to
10 Gbit/s.
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Santrauka

Siame straipsnyje pristatoma visiskai elektroniné be-
laidZio ry$io linija, veikianti 250 GHz dazniu. Pagrindi-
niai sukurtos sistemos elementai yra jtampa valdomas
harmoninis osciliatorius, pagamintas naudojant 65 nm
jungting metalo oksido puslaidininkio technologija
(JMOP), ir kvazioptinis detektorius su atrankiaja ante-
na ir lauko tranzistoriumi, pagamintas naudojant 90 nm
JMOP. Saltinis atitaikytas tre¢iosios harmonikos spindu-
liuotés emisijai 252 GHz dazniu, jo spinduliuojama galia
siekia 11 dBm lygj. Detektoriaus jautrio maksimumas
yra 254 GHz, dazniy juostos plotis — 25 %, o minimali

optiné efektiné triukimo galia siekia 22 pW/VHz . Duo-
menims koduoti naudojame moduliavimg jjungimo-i$-
jungimo raktu ir demonstruojame skaitmeninio signalo
perdavima nuo 0,4 iki 18 m atstumu. Esant 0,4 m ats-
tumui ir 32 MHz moduliacijos dazniui, pasiekiamas
15,9 dB signalo ir triuk§mo santykis. Surinktos rysio sis-
temos kanalo laidumas siekia 266 Mbit/s, ta¢iau jj riboja
tik iSoriniai elektroniniai komponentai - stiprintuvo ir
moduliatoriaus dazniy juostos plotis. Jdiegus Siuolaiki-
nes auksto daznio grandines, laidumg buty galima tie-
siogiai padidinti iki 10 Gbit/s.
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