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A Terahertz Wireless Communication Link Using a
Superheterodyne Approach
Iulia Dan, Guillaume Ducournau, Shintaro Hisatake, Pascal Szriftgiser, Ralf-Peter Braun, and Ingmar Kallfass

Abstract—This paper presents a wireless communication pointto-point link operated in the low terahertz range, at a center
frequency of 300 GHz. The link is composed of all-electronic components based on monolithic millimeter wave integrated circuits
fabricated in an InGaAs metamorphic high electron mobility
transistor technology. Different configurations and architectures
are compared and analyzed. The superheterodyne approach
proves to be the most promising of all, being compliant with
the new IEEE standard for 100 Gbps wireless transmissions and
showing compatibility to accessible, already available modems.
The first option of realizing the superheterodyne configuration is
by combining the 300 GHz transmitter and receiver with of-theshelf up- and down-converters operating at a center frequency
of 10 GHz. In this case, data rates of up to 24 Gbps are achieved.
The second option employs a fast arbitrary waveform generator
that uses a carrier frequency to up-convert the baseband data. In
this case data rates of up to 60 Gbps and transmission distances
of up to 10 meters are achieved with complex modulated signals
like 16-QAM and 32-QAM. The baseband signal is composed of
pseudo-random binary sequences and is analyzed offline using
fast analog to digital converters. In superheterodyne configuration multi-channel transmission is demonstrated. Channel data
rates of 10.2 Gbps using 64-QAM are achieved. The successful
transmission of aggregated channels in this configuration shows
the potential of terahertz communication for future high data
rate applications.
Index Terms—Complex modulation, millimeter wave monolithic integrated circuits, multichannel transmission, radio link,
terahertz(THz) communications, wireless communication.

I. I NTRODUCTION
Wireless communication technology is one of the fastest
growing sectors influencing the society. Our everyday lives and
the way we interact on a daily basis with technology drives
the need for wireless high data rates. According to [1] this
growth is driven by Moore’s Law, doubling every 18 months.
The prediction for wireless local area network (WLAN) data
rates shows that 100 Gbps will already be needed in 2020.
Terahertz communication (operating frequencies from 0.1 THz
to 10 THz), with its intrinsic high available bandwidth, is a
viable solution to provide this high data rate. A recognition
of this fact is the new IEEE 802.15.3d standard [2], which
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allocates the frequency range from 252 to 325 GHz to future
wireless communication networks.
One of the most promising applications for terahertz communication represents front- and backhauling. At the moment
the connection of access cells to the internet is done by optical
fiber. The future exponential growth of individual data rates
means that the access cells have to be smaller and appear more
frequent. The increasing number of cells will cause additional
costs of optical fiber, which is already extremely high in an
urban environment. Furthermore, in some remote areas, optical
fiber is impossible to use. Therefore, wireless point-to-point
high data rate communication operating at frequencies above
200 GHz offers a viable alternative.
There are two options of realizing terahertz communication.
The first implies the usage of a very broad bandwidth with a
low bandwidth efficiency. For example at a center frequency
of 300 GHz, a bandwidth of over 50 GHz is available. Thus,
to achieve a data rate of 100 Gbps only 2 b/s/Hz are necessary.
The second option implies the usage of aggregated channels
each with a small bandwidth and a high bandwidth efficiency.
Up to now mostly the first option has been the focus
of research for many groups. Table I shows a summary
of high-data-rate wireless links using different technologies.
The terahertz signal can be generated either using photonic
components like uni-traveling carrier photodiode (UTC-PD)
and positive-intrinsic-negative photodiodes (PIN-PD) or active
electronics using different technologies either Silicon or III−V
compound semiconductor based. [3], [4], [5] and [6] use
a combination of a photonic transmitter and an electronic
receiver, which is either active or passive, and achieve data
rates of 100 Gbps or above. [7] uses an all-electronic approach
and an 80 nm InP high electron mobility transistor (HEMT)
technology and also achieves 100 Gbps. citeLee2019 and [8]
report on Si CMOS integrated transmitters and receivers and
on data transmissions using these transceivers. The results
are state-of-the-art for this technology with low maximum of
oscillation frequencies. In [9] 80 Gbps over a distance of 3 cm
are achieved.
Most of the above mentioned publications use a very
broadband signal to achieve data rates of around 100 Gbps,
hence take advantage of the first option of realizing terahertz
communication. The only exceptions are the work presented
in [7], in [9] and this work. While [7] and [9] show only measurement results of the high data rate transmission experiment
and do not consider the reasons of the architecture choice, this
work gives an in-depth analysis of different configurations of
a terahertz link presenting advantages and disadvantages of
each.
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TABLE I: State of the art wireless links above 200 GHz using different technologies.
Ref
[5]
[3]
[4]
[10]
[11]
[6]
[9]
[7]
[12]
[13]
This work
This work
This work

Technology
UTC-PD +
35 nm InGaAs mHEMT
UTC-PD +
passiv electronic mixer
UTC-PD +
passiv electronic mixer
130 -nm SiGe BiCMOS
130 -nm SiGe BiCMOS
PIN-PD +
active electronic receiver
40 nm Si-CMOS
80 nm InP-HEMT
35 nm InGaAs mHEMT
35 nm InGaAs mHEMT
35 nm InGaAs mHEMT
35 nm InGaAs mHEMT
35 nm InGaAs mHEMT

Architecture
zero-IF

Center Frequency
300 GHz

Data Rate
100 Gbps

Distance
40 m

Modulation Format
16-QAM

zero-IF

280 GHz

100 Gbps

50 cm

16-QAM

zero-IF

425 GHz

106 Gbps

50 cm

16-QAM

zero-IF
zero-IF
zero-IF

230 GHz
230 GHz
300 GHz

100 Gbps
90 Gbps
128 Gbps

1m
1m
50 cm

16-QAM
32-QAM
16-QAM

superheterodyne
superheterodyne
zero-IF
zero-IF
superheterodyne
superheterodyne
superheterodyne

265 GHz
300 GHz
240 GHz
240 GHz
300 GHz
300 GHz
300 GHz

80 Gbps
100 Gbps
96 Gbps
64 Gbps
60 Gbps
56 Gbps
12 Gbps

3 cm
2.22 m
40 m
850 m
0.5 m
10 m
0.5 m

16-QAM
16-QAM
8-PSK
8-PSK
16-QAM
16-QAM
64-QAM

II. S UPERHETERODYNE A PPROACH
The very high data rate transmissions presented above owe
their success partly to their transmitters and receivers and
accordingly to their high standard technology and partly to
the very fast baseband system. All these links involve the
usage of fast digital processing equipment both in signal
generation, arbitrary waveform generators (AWG) as well as
at the receiving end, real-time oscilloscopes. With this kind
of equipment pseudo random binary sequences (PRBS) with
different lengths can be easily generated, received and postprocessed, hence the high data rate.
In order to transmit real-time data and to bring terahertz
communications a step closer to real scenario application these
costly analog-to-digital and digital-to-analog converters need
to be replaced by accessible modems. Thanks to the progress
in 5G communication systems, modems based on the IEEE
802.15.3e-2017 [2] and on the ETSI EN 302 217 standard
[14] are already commercially available in the V- and E-Band.
Combining multiple channels with a narrow bandwidth using
complex modulation formats and up-converting them in the
300 GHz band would lead to the full usage of the regions
available bandwidth, hence achieving 100 Gbps with real-time
data.
This solution implies that the data signal is first upconverted to an intermediate frequency (IF) by the commercially available modems and then up-converted a second time
by a 300 GHz transmitter to the H-Band. This translates into a
classical superheterodyne architecture, which is very common
at lower frequencies, but was never used before for terahertz
communication with IF frequencies in the E- and V-Band.

Fig. 1: Frequency spectrum of the IF signal, RF signal and RF
image in a superheterodyne system with high IF frequency.

Fig. 1 shows a schematic representation of the superheterodyne
approach in terms of frequency spectrum. One modem channel
centered around 72 GHz, with a bandwidth of 2 GHz is upconverted using a 300 GHz transmitter with a local oscillator
(LO) frequency of 230 GHz. The frequency difference between
the desired signal and the image is very high. Thus no
complicated filtering needs to be applied.
This paper focuses on the proof-of-concept for the usage
of the superheterodyne approach in terahertz communication.
Since no RF transmitter and receiver with IF frequencies above
50 GHz are available this work uses a broadband 300 GHz
wireless link designed for direct conversion. The link has
achieved data rates up to 64 Gbps in zero-IF configuration [15],
but was never used in a superheterodyne approach. Although
this RF system is not ideal, it serves the purpose of showing
that the concept works in the terahertz range.
The superheterodyne architecture is realized by using two
different options for the IF component. The first one involves
the usage of commercially available mixers, which work as
direct up- and down-converters, to generate the IF input and
baseband output. The second option is using an IF frequency
generated in the AWG. The commercially available mixers
have an RF frequency of operation between 7.5 GHz and
20 GHz with an IF frequency range up to 7.5 GHz [16].
Although this range covers the frequency bands X, Ku and K
they will be, for simplicity, referred to as X-band mixers. This
paper presents a comparison between all these configurations
and analyses the advantages and disadvantages of each.
III. S ETUP OF THE W IRELESS L INKS
Fig. 2 shows the setup of the wireless communication link
in superheterodyne configuration. At the heart of the system
presented in this work are the 300 GHz transmitter and receiver
based on one monolithic millimeterwave integrated circuit
(MMIC) packaged in split-block waveguide modules with a
WR-3 output at the RF port and a WR-12 at the local oscillator
(LO) input. The MMICs have been described in detail in
[17] and are fabricated in a 35nm metamorphic high electron
mobility transistor (mHEMT) InGaAs technology [18].
The transmitter consists of a frequency multiplier by three,
a buffer amplifier, a fundamental up-converter and a power
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Fig. 2: Setup of the wireless 300 GHz link in superheterodyne configuration with a transmission distance of 10 m. The system
is composed of the RF circuitry: the 300 GHz transmitter and receiver including LO generation and the baseband circuitry the
X-band mixers, with their respective LO path, for the generation of the intermediate frequency and the digital-to-analog and
analog-to-digital converters.

amplifier as a final stage. It achieves a saturated output
power of −5 dBm and 20 GHz of IF bandwidth. The receiver
integrates a low-noise amplifier, a down-converter and the
same LO path as the transmitter. The receiver module achieves
an average conversion gain of 6.5 dB, has an RF frequency
of operation between 270 and 325 GHz and an average noise
figure of 8.6 dB [19].
The 100 GHz LO signal is generated by a separate waveguide multiplier module with a multiplication factor of twelve.
The same electrical synthesizer provides the input signal at
8.33 GHz to both transmitter and receiver, thus the setup is
coherent. In [20] and [21] it was shown that the white LO noise
is the main distortion process for the performance of wireless
links operating at frequencies above 200 GHz. Furthermore,
it is shown in the above mentioned works that the influence
of this impairment is increasing with modulation bandwidth
because of the higher amount of accumulated phase error. The
noise floor of the signal source used in this work, an Agilent
N5183B MXG, is according to the data sheet −112 dBc/Hz
measured at 20 kHz offset. The noise floor at the input of
the 300 GHz transmitter and receiver is degraded by a factor
of 20log(n), where n is the multiplication factor, in this
case 12. Therefore, a noise floor of −90 dBc/Hz measured at
20 kHz offset is assumed at the input of the RF components.
This calculation is well in accordance to the measurement
reported in [22]. This work shows the phase-noise curve of
a similar multiplier by twelve module realized using the same

technology. The difference between the measured value and
the theoretical one, calculated by adding the factor 20log(n)
is very small in the range of 2 dB, validating the noise floor
value assumed for this work.
The X-Band mixers used to generate the IF signal have
an LO of 10 GHz and can cover frequencies of up to 7 GHz
at their baseband port. This results in an IF signal centered
around 10 GHz with a bandwidth of up to 14 GHz, like
represented in Fig. 2 in the IF spectrum in blue. The in-phase
and quadrature (I/Q) data signal is generated by an Arbitrary
Waveform Generator (AWG) using Pseudo Random Binary
Sequences (PRBS) with a length of 215 − 1. On the receiver
side a real time oscilloscope captures the I- and Q-signals from
the receiving X-band mixers. The incoming signal is analyzed
and post-processed by a vector signal analyzer software, which
performs the carrier recovery and frequency equalization to
compensate for the frequency and phase drift along the link.
The digital equalization tool of the software has been applied
to all the results shown in this paper.
The figure of merit for the performance of the link chosen
for this work is the measured root mean square error vector
magnitude (EVM). The advantages of EVM are that it can be
easily obtained from most available measurement devices, it
represents a requirement for most wireless standards and, in
comparison to bit error rate (BER), it provides information
about the source of impairment that occurs in the system.
Amplitude and phase imbalances, DC offset, phase noise
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Fig. 3: Sensitivity curves of the 300 GHz receiver for different
modulation formats and signals with a symbol rate of 1 GBd.

4 GBd
1 GBd

EVM (%)

TABLE II: Limits for successful transmissions based on
measured SNR and theoretical Eb /n0 .
kroll−off,mod
3.01
6.02
7.78

QPSK limit (BER < 4*10

(2)

where kroll−off,mod is a correction factor that takes into
account the used modulation format and digital filter [25],
[26]. SNR is, like the EVM, obtained from the measurement
devices. Table II shows the EVM limits for successful transmissions when all of the above considerations are made.

Modulation format
QPSK
16-QAM
64-QAM

32-QAM

10

−3

Hence, a certain Eb /n0 can be associated to a BER of 4·10 ,
considering coherent demodulation and an Additive White
Gaussian Noise (AWGN) channel. Eb /n0 can be converted
to the signal to noise ratio (SNR) by

QPSK

64-QAM

EVM (%)

have a particular signature in the constellation diagram and
are reflected in the measured EVM [23]. A transmission is
considered successful when the probability of a bit error is
smaller than 4 · 10−3 , which can be reduced to 10−15 using
forward error correction codes [24]. The probability of error,
Pb is dependent on the ratio of bit energy to noise power
density, Eb /n0 , where Eb is the energy received during each
bit interval, and n0 is the power spectral density of the noise
on the channel following the dependency
r 
Eb
1
.
(1)
Pb = erfc
2
n0

16-QAM limit (BER < 4*10

-3

)

EVM in %
26.5
15.2
6.8
Prf,in (dBm)

Two different antenna systems are used depending on the
desired transmission distance. A first experiment with two
horn antennas with 22 dBi gain are used to cover 50 cm. The
second systems uses two horn antennas with 25 dBi gain and
two 100 mm teflon lenses leading to a total estimated gain of
around 38 dBi on each side, which are used to transmit the
signal over a distance of 10 m. The transmission is obtained
with a reflection on a mirror placed at 5 m distance from the
emission/detection modules.
IV. S HORT R ANGE W IRELESS DATA T RANSMISSION
For the first data transmissions a distance of half a meter
is chosen between the transmitter and the receiver. To have
more control over the RF input power at the receiver a waveguide variable attenuator is placed between horn antenna and
receiver module. To determine its optimal power a sensitivity
analysis needs to be carried out. For this purpose the AWG and
the oscilloscope are connected directly to the IF ports of the
transmitter and receiver. The RF input power is varied with
the help of the variable attenuator and different modulation
formats and symbol rates are transmitted. The transmission is
evaluated in terms of error vector magnitude (EVM), measured
in % and plotted versus the input power. The power at the
output of the attenuator, which corresponds to the input power
at the receiver, is measured with a powermeter.
Fig. 3 shows the receiver’s sensitivity dependency on the
used modulation format. The symbol rate is kept constant at

Fig. 4: Sensitivity curves of the 300 GHz receiver for increasing symbol rates for 16-QAM modulation format.

1 GBd. The more complex the modulation format, the lower
the threshold in % for a successful transmission.
For 1 GBd symbol rate and for the modulation formats 16QAM and 32-QAM the region with minimal EVM stretches
over a wide range of input power, from around −38 to over
−50 dBm. For the more complex modulation format of 64QAM represented in the green line with diamond symbols the
range of optimal input power is narrower going only up to
−45 dBm. As a conclusion, the optimal input power range for
all used modulation formats lies between −38 and −45 dBm,
for a symbol rate of 1 GBd.
The sensitivity curve is not only dependent on the modulation format but also on the data rate. Fig. 4 shows this dependency for two symbol rates1 GBd and 4 GBd and 16-QAM
modulation format. The probability of error is proportional to
the data rate, which explains why the EVM value increases
as the symbol rate increases. In addition, it can be observed
in Fig. 4 that the optimal input power range decreases with
increasing symbol rate. The marked area below the curves,
where the EVM is at its minimum ranges for the 4 GBd signal
from −40 to over −45 dBm.
An input power of around −40 dBm seems to be the best
compromise for all modulation formats and low and high
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Fig. 5: Transfer function and amplitude imbalances of the
transmission system for different scenarios: in black dashdot line the back-to-back measurement of the X-band mixers,
in red dotted line the zero-IF 300 GHz system and in blue
solid line the superheterodyne 300 GHz system, when the IF
is provided by the X-band mixers.

Fig. 6: Spectrum of the RF signal for a superheterodyne
link realized using an IF generated in the AWG, centered
around 10 GHz. The highest possible transmission bandwidth
is 20 GHz, which allows no overlap between LSB and the
USB.

symbol rates. The optimum setup of the RF receiving power
is the prerequisite for the best possible transmission results.
The next step in the correct analysis of transmission results
is the measurement of the transfer characteristic for the overall
wireless link. Initially, the response of the transmitted signal
through the X-band mixers is measured. For this purpose, the
four X-band mixers are connected in a back-to-back configuration, the I X-band transmitter mixer is directly connected to
the I-receiver mixer and the same applies for the Q path. A
network analyzer is used to measure the scattering parameters

from the transmitter to the receiver. The S21 parameter is
then normalized to its maximum value and plotted versus
the frequency. In Fig. 5, the black dash-dot line shows the
results of this measurement. The 6 dB IF bandwidth is around
7 GHz, which corresponds well to the IF bandwidth mentioned
in the data sheets of 7.5 GHz [16]. The difference between
the transmission on the I-channels and on the Q-channels
represents the IQ amplitude imbalance of the system which
is plotted on the upper y-axis. The value of the imbalance
remains below 1 dB for the IF bandwidth of the transmission
and increases considerably after the upper frequency of 7 GHz.
In Fig. 5, the red dotted line represents the transfer characteristic of the 300 GHz transmit-receive system, when the
baseband signal is generated directly in the AWG with no
frequency offset. The zero-IF system has a 6 dB bandwidth
of 20 GHz, with an IQ amplitude imbalance of below 1 dB
over the IF bandwidth. Therefore, it is well suited to validate the proof of concept for the superheterodyne system.
According to this transfer characteristic the best choice for
the intermediate frequency is around 10 GHz, which represents
the best compromise between low imbalances, good transfer
behavior between transmitter and receiver and achievable data
rates using the X-band mixers. Another reason why 10 GHz is
a suitable IF frequency is the spacing between the lower side
band (LSB) and upper side band (USB). A higher IF frequency
would lead to a higher available gap between LSB and USB
reducing the risk of overlapping, but it would come at the
cost of smaller available bandwidth in the superheterodyne
system. For example, an IF signal centered around 15 GHz
with a bandwidth of 20 GHz would have a corner frequency
of the USB at 325 GHz. Like previously mentioned, the 6 dB
bandwidth of the zero-IF transmission lies slightly above
20 GHz. This translates into an RF signal with an upper corner
frequency of around 320 GHz. Hence, the transmission of
the above mentioned IF signal would not be possible in a
superheterodyne system.
The transfer characteristic of the final superheterodyne
system as pictured in Fig. 2 is presented in Fig. 5 by the blue
solid line. These results correspond well with the measurement
of the X-band mixers in back-to-back configuration. The IF
bandwidth is the same as in the case of the dash-dot line,
8 GHz. Also the two characteristics follow similar curves,
therefore the system is limited by the X-band mixers.
Data transmission experiments using different modulation
formats and symbol rates have been carried out and the quality
of the transmission has been analyzed. Fig. 7 summarizes the
results for 16-QAM and 32-QAM modulation formats and
symbol rates up to 15 GBd. The used digital filter was raised
cosine with a roll-off factor of 0.35 and it was kept constant
for all transmissions.
Fig. 7 shows the performance comparison of different configuration of the wireless link for two modulation formats:
16-QAM and 32-QAM. First back-to-back transmissions from
the AWG to the oscilloscope were made. These represent the
reference measurement of the used equipment and are plotted
in all three graphs using the pink line with pentagon symbols.
Another reference measurement in back-to-back configuration
is the one of the X-band mixers, which is represented with the
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Fig. 8: Constellation diagrams for 16-QAM modulated signals
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transmission plotted on the left external mixers were used and
for the transmission on the right the AWG provides the IF
signal.
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Fig. 7: Results of the 300 GHz wireless data transmission
realized using different architectures for increasing symbol
rates. Two modulation formats are analyzed: 16-QAM and 32QAM. All the transmissions show an EVM which is below the
BER threshold smaller than 4 · 10−3 , calculated for a AWGN
channel.

green line with diamond symbols. For the 300 GHz link four
scenarios are considered. The first uses a zero-IF approach
and is plotted using the red line with round symbols. The last
three scenarios use a superheterodyne approach under different
conditions. The black line with the square symbols shows the
results when the AWG is generating the data centered around
an IF frequency of 10 GHz. In this case the oscilloscope and
the post-processing software down-convert the IF signal to the
baseband. The orange line with the star symbols shows the
results of transmission where the baseband signal generated
in the AWG is up-converted to an IF frequency by the Xband mixers. The down-conversion to baseband is done by
the oscilloscope and the post-processing software like in the
previous case. The last case represents the superheterodyne
transmission using X-band mixers both on transmitter and
receiver side and is plotted in the blue line with triangle
symbols.
For all scenarios the EVM is degrading with increasing
symbol rate due to the bandwidth limitations presented in
Fig. 5. Besides the two reference measurements, the equipment calibration and the back-to-back transmission of the
X-band mixers, the best performance is achieved using the

Fig. 9: Constellation diagrams for higher order modulated
signals achieved using the 300 GHz superheterodyne system
with the AWG.

superheterodyne architecture when the IF is generated in the
AWG. For 16-QAM modulation a symbol rate of 15 GBd
corresponding to a data rate of 60 Gbps and to a bandwidth
of around 20 GHz is reached. On the one hand, this is the
maximum achievable data rate due to the bandwidth limitations of the 300 GHz link. Fig. 5 shows that the zero-IF system
represented with the red dotted curve has a 6 dB bandwidth
of around 20 GHz. On the other hand, the analog bandwidth
of the measurement equipment is also 20 GHz. In addition,
this bandwidth of 20 GHz is the limit for a transmission
without an overlap between LSB and USB. Fig. 8 shows the
constellation diagrams of the highest data rate achieved with
the two superheterodyne systems. For the transmission plotted
on the left external mixers were used and a maximum data
rate of 24 Gbps is achieved. The bandwidth occupied by the
6 GBd signal achieving this maximum data rate corresponds
to the 6 dB bandwidth measured and plotted in Fig. 5. For the
transmission plotted on the right, the AWG is used to generate
the IF signal. In this case a maximum data rate of 60 Gbps
can be achieved.
Another important aspect of terahertz wireless links is the
possibility of transmitting higher order modulation formats.
The bottom graph in Fig. 7 shows the results for 32-QAM
modulation. The 300 GHz RF components exhibit a high linearity, so that the transmission of 32-QAM modulated signals
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Fig. 10: Constellation diagrams and power spectras for a
16-QAM signal with a symbol rate of 1 GBd using zeroIF configuration (right) and a superheterodyne configuration,
where the superheterodyne has been realized using an AWG
(left).

is possible. This is presented in the red curve which shows
the results of the zero-IF transmission. The X-band mixers on
the other hand do not have the necessary linearity for complex
modulated signals. The reference measurement of these mixers
shows that 32-QAM transmission is not successful. The green
line with diamond symbols is absent in Fig. 7 in the lower
graph. The limiting factor is represented by the down-converter
X-band mixers as the transmission with external mixers on the
transmitter side is successful up to a symbol rate of 5 GBd as
presented in Fig. 7 in the bottom graph by the yellow line with
star symbols.
Due to the high linearity of the RF transmitter and receiver
a successful transmission of 32-QAM modulated signal is realized using the superheterodyne link which uses the AWG to
generate the IF signal. Fig. 9 shows the constellation diagrams
for the highest data rates achieved in this configuration. For 32QAM modulation 40 Gbps are reached. 64-QAM modulation
was successful up to a data rate of 12 Gbps.
To have an in depth analyis of the performance of the
superheterodyne link two important comparisons need to be
discussed. The first one is the comparison between the zeroIF and the superheterodyne approach using the AWG as
IF generator, in the graphical representation the comparison
between the red line with round symbols and the black line
with square symbols. The superheterodyne approach shows
better results than the zero-IF one for all modulation formats.
To better visualize the reasons for this difference Fig. 10 shows
the constellation diagrams and power spectra for a 16-QAM
signal with a symbol rate of 1 GBd using the above mentioned
approaches. For a better understanding of the transmission
deterioration, in the constellation diagrams the results of the
reference measurement were plotted in pink.
The transmission using the zero-IF approach is more erroneous because of impairments like DC-offset and parasitic
spurious caused by the AWG at the symbol rate value, in the

case pictured in Fig. 10 right at 1 GHz. In addition, at zeroIF the LO frequency locking is harder to achieve. A visible
impairment in the superheterodyne transmission presented in
Fig. 10 on the left is the leakage of an unwanted mixing
product at 8.33 GHz. Another important reason for a better
performance of the superheterodyne approach is the flatter
frequency response of the overall system presented in Fig. 5
in the dotted red line. Given the bandwidth of 1.35 GHz of
this case, the ripple of the S21 parameter for signal with a
center frequency of 10 GHz is smaller than 0.3 dB. For a signal
centered around DC the same ripple exceeds 1.5 dB.
With increasing symbol rates the EVM difference between the zero-IF and the superheterodyne approach becomes
smaller. This is caused by the surpass of the 3-dB bandwidth of the system. If we consider a signal centered around
10 GHz with a bandwidth of 13.5 GHz, the upper frequency
of 16.75 GHz is above the 3-dB bandwidth limit, which lies
at 16 GHz. For 32-QAM only symbol rates of up to 8 GBd
lead to successful transmissions and the difference between
zero-IF and superheterodyne approach remains approximately
constant.
The second important comparison is the one between different superheterodyne scenarios. In this case the reference
measurement is, next to the one of the equipment AWGOscilloscope, the measurement of the X-band mixers in backto-back configuration. Due to the bandwidth limitation of the
commercial mixers only symbol rates of up to 9 GBd can
be transmitted using 16-QAM modulation [16]. For 32-QAM
no successful transmission was achieved. To determine why,
transmissions with X-band mixers only on the transmitter side
are conducted. The fact that these transmissions were possible
up to a symbol rate of 5 GBd shows that impairments of the
X-band down-converters represent the limitation factor for the
back-to-back X-band mixers transmission in the case of 32QAM modulation.
For 16-QAM modulated signals the difference between the
superheterodyne system in blue and the reference measurement in green is around 5 %. The degradation is due to the
influences of the 300 GHz transmitter and receiver and their
impairments: IQ amplitude and phase imbalances and leakage
of unwanted spurious tones.
Fig. 11 shows the comparison of transmission results of the
300 GHz superheterodyne link in different configurations: in
blue, in the middle, the superheterodyne link using the X-band
mixers and in orange, on the right superheterodyne link using
X-band mixers only on the transmitter side. In addition the
measurements of the reference signal of the X-band mixers in
back-to-back configuration are plotted in green on the left.
For this comparison a 16-QAM signal with a symbol rate
of 4 GBd was transmitted. In all three cases the results of
the back-to-back transmission from AWG to Oscilloscope has
been additionally plotted in the constellation diagram.
A strong interference and degradation cause represents the
LO leakage of the X-band down-converters. The signal at
10 GHz is present in the green and in the blue curve, but not in
the orange one. The leakage of second harmonic of the X-band
up-convert LO can be observed at 20 GHz in the left graph.
In addition other undesired spurious tones resulting from the

EVM ref = 2.3 %

EVM ref = 2.3 %

EVM b2b Xmix = 6.6 %

EVM superhet, Xmix = 11.5 %

LO Leakage of X-band mixers
RX side

-20

-40

-60

-80

EVM ref = 2.3 %
EVM Xmix, up = 10.2 %

0

Spectral Density (dBm / Hz)

0

Spectral Density (dBm / Hz)

Spectral Density (dBm / Hz)

8

-20

-40

-60

-80

-100

-100
-20

-15

-10

-5

0

5

10

15

20

-20

Frequency (GHz)

-15

-10

-5

0

5

Frequency (GHz)

10

15

20

0
LO Leakage of X-band mixers TX side
-20

Unwanted spurious tone caused in the
300 GHz TX and RX

-40

-60

-80

-100
-15

-10

-5

0

5

10

15

20

25

Frequency (GHz)

Fig. 11: Constellation diagrams and power spectras for a signal with a symbol rate of 4 GBd, modulated with 16-QAM using the
X-band mixer link in back-to-back configuration (left), a superheterodyne configuration, where the superheterodyne architecture
has been realized using the X band mixers (center) and a superheterodyne configuration, where the superheterodyne architecture
has been realized using the the X band mixers only on the transmitter side (right).

mixing in the 300 GHz transmitter and receiver corrupt the
signal and degrade the EVM for the superheterodyne link in
blue. The fact that the orange spectrum on the right presents
only one spurious tone at 16.66 GHz shows that the X-band
down-converters are the limiting factor of the transmission.
Despite the fact that the X-band mixers are not designed
for terahertz communication application and do not meet the
requirements necessary for transmitting data rates in the range
of 100 Gbps, data transmissions using the superheterodyne
concept were successful up to a data rate of 24 Gbps. Another
impediment is that the used 300 GHz transmit-receive system
was designed mainly for zero-IF configuration. Considering
this, the maximum data rate of 60 Gbps achieved with the
AWG shows the potential of this concept.

Data transmissions using signals modulated with QPSK, 16QAM and 32-QAM are conducted and compared to the 0.5 m
low distance transmission as well as to the back-to-back configuration. Fig. 12 shows the results of this comparison. The
three transmissions show very similar performances, which
was expected due to same RF input power at the receiver. The
highest data rate of 56 Gbps is achieved for the transmission
distance of 10 m with 16-QAM. Successful transmissions were
realized also with more complex modulation formats like 32QAM. For this case the highest data rate achieved is 30 Gbps.
The successful 10 m experiment shows that additional free
space path loss can be easily compensated by an antenna
system with enough gain and therefore the superheterodyne
architecture is a promising concept for future indoor and
outdoor wireless links.

V. 10 M ETER W IRELESS T RANSMISSION
To validate the concept also for longer distances and prove
its suitability for future indoor wireless applications data
transmissions over a distance of 10 m are conducted. The superheterodyne architecture is realized for these transmissions
with the AWG, which generated the IF signal centered around
a carrier of 10 GHz.
Prior to the 10 m experiment, measurements in back-to-back
configuration with a variable attenuator placed between the
300 GHz transmitter and receiver are conducted. As in the
case of the longer distance transmission the superheterodyne
concept is realized using the AWG and an IF centered around
10 GHz. The variable attenuator is set for an optimal RF input
power of −40 dBm into the receiver. The same input power
reaches the receiver also in the other two transmission cases:
0.5 m and 10 m.

VI. M ULTICHANNEL T RANSMISSION
The potential of the superheterodyne concept unfolds under
multichannel transmission, also called channel aggregation.
The new IEEE standard for 100 Gbps wireless point-to-point
links [2] defines channels with a bandwidth of 2.16 GHz to be
aggregated in the low THz range between 252 and 325 GHz.
Based on this standard, multichannel transmissions using the
system presented in Fig. 2 were conducted. The signals were
generated with the help of the AWG. For this experiment two
channels were aggregated, each with a bandwidth of 2.16 GHz.
Different modulation formats and digital filters were applied.
Fig. 13 shows the constellation diagrams and power spectrum of an 32-QAM modulated IF signal. The two center
frequencies of the channels at 10 and 12.16 GHz are close
to the center frequency of the single carrier experiments. A
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Fig. 12: Comparison of 300 GHz wireless data transmission
results over different distances. Three modulation formats are
analyzed: QPSK, 16-QAM and 32-QAM.

channel data rate of 8 Gbps is achieved. The performance
of the second channel, centered around 12.16 GHz is slightly
better than that of the first channel, the EVM value reaches
7 % in comparison to 7.4 % on the first channel. Compared
to the experiment presented in Fig. 7, the performance of the
transmission has deteriorated. The EVM increases from around
4.2 % to 7.4 %. This deterioration is caused by the interference
with the second channel.
Fig. 14 shows the constellation diagrams and power spectrum of an IF signal, that achieved the highest channel data
rate. The chosen modulation format is 64-QAM, the symbol
rate is 1.7 GBd and the digital filter has a roll-off factor of 0.35,
which leads to a bandwidth of 2.295 GHz. The first channel is

centered around 4 GHz and the second one is centered around
6.5 GHz. The data rate transmitted on each channel reaches
10.2 Gbps. The two channels perform similar, they both have
an EVM of 6 %.
The focus of the multichannel transmission was the compatibility to the new IEEE standard, which foresees channel
bandwidths of around 2 GHz. A comparison to the single
carrier experiment shows the impact of channel aggregation
on the linearity of the system. Fig. 9 shows that a data rate of
12 Gbps can be achieved with 64-QAM modulation when only
one channel is transmitted. In the multichannel experiment
this data rate is reduced to 10.2 Gbps due to a higher peak
to average power ratio. To achieve the same data rate as
in the single carrier transmission a higher back-off from
the 1 dB point is required. This, however, leads to a lower
SNR. Therefore, it can be stated, that a high linearity of
the transceiver is one of the crucial issues for this type of
transmission.
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Fig. 15: Performance comparison between single channel and
multi channel transmission for a QPSK modulated signal with
a symbol rate of 1 GBd and an increasing roll-off factor of the
filter.
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Fig. 16: Deterioration of wireless link performance due to
interferences in a multichannel transmission.

Fig. 15 shows the influence of a multi-carrier signal on the
performance of the link. For this measurement the transmitted
bandwidth is varied with the help of the digital filter used in the
transmission. The symbol rate and the modulation format are
kept constant to 1 GBd and QPSK. A relatively homogeneous
difference between the performance of the multichannel and
of the single channel transmission of around 3 % is observed,
which means that inter-channel interference negatively affect
the quality of the link. This effect can be also observed in
Fig. 16, which shows the EVM in dependency of the frequency
spacing between the two transmitted channels. When the gap
is small, in the order of magnitude of around 250 MHz the
EVM of each channel reaches 8 %. By increasing the spacing
to 750 MHz the performance improves by 1 %.
The successful transmission of aggregated channels, compatible to the new IEEE standard, with such high data rates
shows the potential of the presented wireless link for future
high data rate applications. Furthermore, the used complex
modulation format, 64-QAM, is another promising factor for
reaching high data rates with terahertz communication links.
VII. C ONCLUSION
This paper reports on a 300 GHz superheterodyne system,
that reaches a maximum data rate of 60 Gbps and can cover

distances up to 10 m. Two possibilities of realizing the superheterodyne architecture are analyzed: with commercial, easily
accessible mixers and with an AWG. A comparison to zeroIF configuration shows the advantages of the superheterodyne
architecture. The EVM is improved for all modulation formats.
The link shows compatibility to low-cost existing baseband
solutions and to the new IEEE frequency standard for ultrafast communication networks. Channel aggregation is proven
feasible, by the successful transmission of complex modulated
signals, 64-QAM. A channel data rate of 10.2 Gbps is reached.
Although a redesign of the 300 GHz transmitter and receiver
needs to be made, so that the circuits are particularly designed
for superheterodyne configuration, with an IF frequency of
70 GHz this experiment validates the applicability of terahertz
communication.
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